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PREFACE 


nting  the  present  book  it  has  been  the  endeavour  of  the 

[  authors  to  furnish  to  students  a  simple,  yet  accurate,  account  of 

leory  and  design  of  the  modem  dynamo.     That  the  attain- 

St  of  this  our  aim  is  no  light  task  we  are  only  too  well  aware. 

[Such  a   book,  if  it   is  to   be  of  use   to   those  who  are  either 

engaged  or  about  to  engage  in  electrical  engineering  as  a  pro- 

■ion,  must  combine  both  the  theoretical  and  practical  sides  ; 

:  is  not  to  repel  the  general  scientific  reader,  it  must  be  free 

excessive  technicality  j  while,  lastly,  it  should  not  be  too 

Ihematical,  since  it  is  intended   for  the   learner,  who  with  a 

tra.1  knowledge  of  electricity  comes  to  the  special  study  of 

imos.     Most  of  all,  however,  is  it  important  that,  so  far  as  it 

its  statements  should  be  entirely  accurate.     If,   therefore, 

ave  attained  something  of  the  all-saving  merit  of  accuracy, 

J  defects  on  other  scores  may  be  forgiven,  and  our  attempt  to 

I  write  a  new  book  on  so  well-worn  a  theme  cannot  be  pronounced 

k'e  been  entirely  vain.     A  completely  novel  treatment  of  the 

roust    be  either  erroneous   or   well-nigh   impossible  to 

any  writer  on  dynamos  must  necessarily  draw  from  the 

fountain-sources,  such  as  the  papers  of  Hopkinson,  Kapp, 

abumc,  and'Esson,  and  even  the  best  method  of  presenting 

of  this  accumulated  knowledge  may  have  been  worked  out 

some  previous  author.    To  such  well-known  writmgs  vfe  Vwje 
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had  recourse  on  many  points,  and  if  it  should  be  deemed  tb 
our  debt  in  this  respect  has  not  been  sufficiently  acknowledged, 
the  excuse  is  to  be  found  in  the  fact  that  it  is  both  useless  and 
impolitic  to  burden  the  pages  with  footnotes  explaining  in  detail 
each  and  every  original  source  whence  the  authors  have  gleane 
their  facts  or  derived  their  theory. 


While,  therefore,  we  lay  no  claim  to  originality  (save  on  cer 
definite  points,  such  as  the  construction  of  the  equations  fc| 
magnetic  leakage,  for  the  heating  of  dynamos,  or  the  E.M.F. 
alternators),  yet  we  do  claim  a  certain  novelty  in  our  method  of 
treatment  by  which  these  facts  are  presented.  It  has  seemed  to 
us  that  a  systematic  and  methodical  analysis  of  dynamos — of  the 
causes  and  reasons  why  they  have  assumed  their  present  shape — 
if  only  it  be  complete  and  accurate,  so  far  as  its  scope  extends, 
would  still  be  sufficiently  novel  to  merit  attention.  Starting  w^ith 
a  simple  inductor  cutting  the  lines  of  a  magnetic  field,  such  an 
analysis  would  gradually  evolve  in  natural  sequence  the  various 
combinations  of  inductors  which  constitute  the  windings  of  arma- 
tures, and  the  typical  forms  which  the  complete  machine  is  thence 
compelled  to  take ;  until,  finally,  the  whole  should  culminate  in 
the  description  of  actual  machines  as  manufactured,  and  tfc 
practical  design  of  one  or  more  dynamos  for  given  outputs. 


This  scheme  we  have  endeavoured  to  carry  out  in  the  foliow- 
ring  chapters  ;  much  may  have  been  omitted,  and  portions  of  that 
which  we  have  inserted  may  be  trite,  but  it  is  our  hope  that  at 
I  least  there  will  be  Uttle  in  our  pages  which  the  reader  can 
practice  afford  to  entirely  forget,  or  must  positively  unlea 
Further,  our  subject  has  been  '  the  dynamo,'  and  to  this  we  ha» 
closely  confined  ourselves.  However  tempting  it  might  be 
make  excursions  into  bordering  fields,  considerations  nf  spac 
forbade  any  but  the  most  cursory  treatment  of  tliem,  and  we  i 
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thought  it  better  to  deal  as  strictly  as  possible  with  the  dynamo, 
pure  and  simple,  rather  than  to  fill  our  pages  with  haphazard 
items  of  knowledge  about  motors,  or  central  stations,  or  systems 
of  electric  distribution. 

Finally,  we  wish  to  acknowledge  our  indebtedness  to  Mr.  Th. 
Raaschou,  with  whose  co-operation  the  earlier  chapters  were  in 
the  first  instance  begun ;  to  Mr.  A.  Fabian,  for  the  great  assistance 
which  he  rendered  us  in  the  preparation  of  many  of  the  diagrams  ; 
and  not  least,  to  many  of  die  leading  firms  of  electrical  engineers, 
by  whose  kindness  we  have  been  enabled  to  present  to  our  readers 
views  and  data  of  a  large  number  of  typical  dynamos. 

May  1893. 
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INTRODUCTORY 

The  nature  of  the  dynamo  is  essentially  dual,  and  furthermore  it 
is  dual  in  two  ways  :  not  only  is  it  at  once  electrical  and  magnetic, 
but  it  also  has  a  mechanical  as  well  as,  and  in  contrast  to,  an 
electro-magnetic  aspect.  Its  theory  is  one  among  the  many 
meeting-grounds  of  electricity  and  magnetism,  and  its  design  is 
based  on  two  fundamental  equations,  of  which  one  may  be  called 
the  electrical  equation,  the  other  the  mechanical  equation, 
each  also  involving  the  facts  and  laws  of  magnetism.  Lastly, 
this  twofold  nature  finds  its  exact  counterpart  in  the  structure 
of  the  dyuauio  as  a  machine,  for  it  may  broadly  be  regarded 
built  up  of  an  iron  or  magnetic  portion  and  a  copper  or  electric 

ion. 

In  general  terms  a  ijynamo  may  be  defined  as  'a  machine  in 
vhicb  mechanical  energy  is  converted  into  electrical  energy  by 
means  of  continuous  relative  motion  of  an  electrical  conductor  or 
conductors  and  a  magnetic  field  or  fields,  such  motion  causing 
Ihe  conductor  to  cut  or  traverse  the  lines  of  force  of  the  field. 
>  as  our  text,  our  aim  will  be  to  establish  it  generally, 
.  to  deduce  the  principles  which  govern  the  design  of 
dynamos,  and  determine  the  practical  shapes  which  they  take. 

In  so  doing  we  have  at  the  outset  to  explain  certain  technical 
terms  which  appear  in  the  definition,  and  in  the  first  place  must 
tronsidcr  what  is  meant  hy  the  expression  'electrical  enctgj.'    Vot 

'a 
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^B  the  ajipearance  of  electrical  energy  there  are  required  two  factors, 

^"  viz.  an  electric  pressure,  or  electromotive  force,  and  a  current 

flowing  under  that  pressure,  and  until  both  are  present  there  is 

no  electrical  energy.     If  an  electrical  difference  of  pressure  has 

I       once  been  established  between  two  points  forming  the  ends  of  an 

^B  electrical  conductor  or  system  of  conductors,  then  when  those  two 

1^  points  are  further  joined  by  any  form  of  electrical  conductor  a 

current  flows  round  the  completed  circuit,  and  continues  to  flow  if 

the  electrical  pressure  be  maintained.    A  simple  and  oftenquoti 

analogy  from   hydraulics   will   render  this   plainer  :  the   electi 

pressure  may  be  compared  to  a  head  of  water,  or  a  difference 

level  between  two  points,  in  virtue  of  which  water  will  flow  froi 

^  the  higher  to  the  lower  level,  if  the  two  are  joined  by  a  pipe. 

^H       When  such  a  channel  is  provided,  the  body  of  water  whi 

^"  previously  only  had  potential  energy  will  do  work,  as  in  turning 

water-wheel,  and  will  realise  its  potential  energy.    If,  however,  thi 

development  of  power  is  to  be  continuous,  a  pump  must  be  pn 

vided  to  raise  the  water  from  the  lower  to  the  higher  level— in  ot 

words,  to  keep  up  the  difference  of  level  in  virtue  of  which  thi 

water  flows,  and  so  does  work.     In  exactly  the  same  way  a  curreni 

of  electricity  flowing  from  a  point  of  higher  electrical  level  ot 

potential  to  a  point  of  lower  potential  does  work,  and  electrical 

energy  is  present  ;  by  its  flow  it  tends  to  equalise  the  potential  of 

these  two  points,  and  it  will  only  continue  to  flow  so  long  as  there 

^Kjs  some  difference  of  potential  between  them.     Hence,  if  there  is 

^Kto  be  a  continuous  flow  of  electricity  we  need  an  electrical  pump 

or  nuchine  to  constantly  maintain  the  pressure  in  virtue  of  which 

the  current  flows.     Such  an  electrical  pump  is  the  dynamo,  which 

j.s  therefore   primarily  and   essentially  a  generator  of  electrical 

pressure  ;  its  sole  function  is  to  generate  an  electric  pressure  or 

electromotive  force,   and  subsequently  to  maintain   it,   when  a 

turrent  flows  under  that  pressure.    The  fact  of  a  current  flowing 

Continually  makt-s  it  necessary  that  there  should  be  a  closed  circui 

►  hich  throughout  its  entire  path  ronducis  electricity,  and  whic 

antains  some  source  of  electromotive  force,  or  E.M.F. ;  in  the 

ase  with  which  we  have  to  deal  this  Litter  is  comxntrated  within 

^he  limits  of  the  dynamo  which  forms  part  of  the  circuit.     Hence 

ny  system  containing  a  dynamo  at  work,  whctlicr  lighting  Iamp9» 
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or  charging  accumulators,  or  driving  motors,  must  consist  of  a 
closed  circuit  divisible  into  two  portions  on  either  side  of  certain 
points.  In  fig.  i  there  is  shown  diagrammatically  a  closed 
electrical  circuit  round  which  a  current  is  flowing  and  part  of 
which  is  a  dynamo  in  its  simplest  form  ;  the  meaning  of  the  con- 
ventional symbols  will  be  apparent  later.  The  points  a  and  D 
divide  the  entire  circuit  into  two  portions  ;  in  that  to  the  left,  which 
nwy  be  called  the  '  internal '  portion  of  the  circuit,  viz.  a  r,  d, 
a  certain  action  is  set  up  which  results  in  a  difference  of  electrical 
pressure  between  a  and  D,  a  being  at  a  higher  potential  than  D, 
and    therefore    having   a    +    or    positive   sign    attached    to    it. 
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Fig.   1. 


A  and  F)  are  further  joined  by  the  external  portion  of  tfie 
circuit,  or,  as  it  is  called  for  shortness,  the  'external  circuit,'  viz. 
A1t,D,  a  current  flows  which  would  result  in  the  equalisation  of 
Ihc  potential  throughout  the  whole  circuit,  and  would  then  cease, 
were  it  not  for  the  fact  that  r.,  represents  a  dynamo  which  con- 
tinuously keeps  the  potential  of  a  higher  than  that  of  d.  The  two 
points  a  and  r>  form  at  once  the  '  terminals  '  of  the  machine  and 
the  '  lerminals '  of  the  external  circuit ;  the  current  flows  from  a 
to  D  in  the  external  circuit,  but  within  the  dynamo  itself  from  d  to 
k,  just  as  in  the  case  of  a  voltaic  battery,  where  the  current  flows 
hvKa  the  positive  to  the  negative  pole  outside  it,  but  from  the 
Degalivc  to  the  positive  pole  within  the  cell  itself.  If  we  rc\}lace 
tbe  dynamo  hy  a  pump,  and  the  external  circu'vl  b^  a  \a^ 

«  i. 
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through  bolh  of  which  water  is  kepi  continuously  circulating, 
hydrauhc  analogy  will  again  help  us  ;  the  dynamo  does  not,  strict] 
speaking,  generate  electricity  any  more  than  the  pump  generat 
the  water  ;  it  is,  however,  only  after  the  production  of  an  electrical 
difference  of  potential,  and  the  consequent  setting-up  of  a  currec 
that  the  electricity  liecomes  manifest,  and  both  machines  gene 
and  maintain  a  certain  pressure,  in  the  one  case  hydraulic,  in 
other  electrical.     Neither  is  it  the  electricity  that  is  consumed 
lost  in  passage  round  the  circuit,  but  the  pressure  under  which 
flows,  just  as  the  '  head  '  of  the  water  is  lost  in  its  passage  throul 
the  pipe,  only  to  be  renewed  by  the  action  of  the  pump.     Furth^ 
the  mechanical  energy  developed  in  any  time  in  the  one  case] 
proportional  to  the  quantity  of  water  flowing  round  the  system  j 
that  time  and  the  total  pressure  under  which  it  flows,  i.e.  to 
product  of  the  number  of  gallons  passed  and  the  pressure 
pounds  per  square  inch  ;  the  electrical  energy  in  the  other  case  i 
proportional  to  the  quantity  of  electricity  and  the  pressure,  i.e. 
the  practical  units  of  the  C.G.S.   system,   to  the   product 
coulombs  and  volts.     But  in  both  cases  we  are  more  concemd 
with  the  rate  of  development  or  the   '  power '  of  the  machii 
which  is  proportional  to  the  rate  of  flow  of  the  water  in  gallo 
per  minute  or  of  the  electricity  in  coulombs  per  second.   The  i 
of  flow  of  electricity  is  called  the  strength  of  the  current,  and 
coulomb  per  second  is  an  ampere  of  current.    Consequently 
power  of  the  dynamo  is  measured  in  volt-amperes  or  '  watts,' ; 
it  is  in  such  units  that  its  value  as  a  machine  is  reckoned,  j 
the  mechanical  value  of  a  steam  or  other  engine  is  reckoned, 
foot-pounds  or  in  horsepower-hours,  but  by  its  horsepower  i 
of  doing  work,  without  reference  to  any  particular  time, 
referring  to  our  system  of  fig.   i,  it  is  evident  that  if  we  wish  ] 
make  use  of  the  water  forced  through  the  pipe  external  to 
pump  itself,  as,  for  instance,  if  we  wish  to  drive  some  form  I 
water-motor,  it  is  not  tlie  total  rate  of  development  of  cn« 
throughout  the  entire  system  that  can  be  used,  but  only  the 
of  development  of  energy  available  for  use  outside  the  pumi>. 
the  total  work  done  by  ilie  pump  on  the  water  some  portion 
expended  in  overcoming  the  friction  which  resists  the  passage 
tlie  water  through  its  own  channels  and  valves,  and  consequen 
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the  available  power  is  less  than  the  total  power  of  the  pump.  Simi- 
larly the  '  output '  of  the  dynamo  is  its  external  power  or  its  rate  of 
development  of  available  electric  energy  ;  that  is,  the  product  of 
the  voltage  between  the  points  a  and  d,  and  the  current  flowing 
through  the  external  circuit  r,  ;  or,  in  symbols,  if  E,=the  volts  at 
the  terminals  a  d,  and  c,=the  current  through  r„  the  output  of 
the  dynamo  is  equal  to  E,c,. 

Electrical  energy  is  therefore  the  energy  developed  by  a  current 
flowing  under  an  E.M.F.,  and  the  output  of  a  dynamo  or  its  rate  of 
development  of  electrical  energy  external  to  itself  is  reckoned  in 
units  of  power  ;  the  watt  being  but  a  small  fraction  of  a  horsepwwer, 
it  is  more  convenient  to  express  the  output  in  '  kilowatts,'  or  units 
of  1,000  watts.  Since  the  output  is  always  proportional  to  the 
product  of  two  factors,  the  volts  and  the  amperes,  the  same  output 
inajr  be  due  to  a  great  variety  of  different  combinations  ;  for  ex- 
ample, 10,000  watts,  or  10  kilowatts,  maybe  the  electrical  power  of 
either  10  amptres  flowing  under  a  pressure  of  1,000  volts,  or  of  100 
ipiires  flowing  under  100  volts,  or  again  of  2,000  amperes  under 
prcssiuc  of  5  volts.  These  three  illustrations  will  ser\e  to  empha- 
sise the  iniponant  difference  between  machines  of  high  voltage 
and  small  currents  such  as  are  used  for  arc  lighting  or  transmission 
of  power  over  considerable  distances,  or  for  the  distribution  of 
electricity  on  the  alternating-current  system,  and  machines  of 
moderate  voltage  and  current,  used  for  the  direct  lighting  of  in- 
candescent lamps,  or  finally  machines  supplying  large  currents  at 
low  voltages  such  as  are  used  for  electro  plating,  electro-depositing, 
and  other  chemical  or  metallurgical  processes ;  although  their 
power  may  be  the  same,  their  construction  is  very  widely  difTerent, 
oirii^  to  the  difTerent  natures  of  the  work  for  which  they  are 
respectively  suited. 

Now  by  the  principle  of  conservation  of  energy  it  is  impossible 
ihaianyformof  energy  can  be  absolutely  created  ;  in  any  machine 
It  be  transformed  from  one  form  to  another,  and  con- 

ti  _  .  ;"  the  case  of  the  dynamo  in  which  electrical  energy  is 
developed  it  is  necessary  to  ask  what  is  the  form  in  which  energy 
i»  supplied  to  the  dynamo.  The  answer  is  given  by  our  definition, 
ilikh  states  that  in  the  dynamo  it  is  mechanical  energy  which  is 
converted    into   electrical  ^ntTgy      Hence  ihe  oulpuv  ol  ^3cvt 
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dynamo  is  electrical  energy,  while  the  input  is  mechanical  energ 
With  the  latter  as  supplied  by  a  steam  or  gas  engine,  turbine, 
waterwheel,  or  other  prime  mover,  all  are  familiar ;  in  any  sue 
machine  motion  is  produced  against  a  resistance,  and  our  defin| 
tion  requires  that  there  should  be  in   the  dynamo  continuoa 
motion  of  one  portion  relatively  to  another  portion.    The  movabl 
portion  of  the  dynamo  may  be  driven  by  means  of  a  belt  ar 
pulley,   by   rope  gearing,  or   by  friction  gearing ;   or  it  may 
coupled  direct  on  to  the  main  shaft  of  the  prime  mover,  as  i 
to  the  crank  shaft  of  a  steam-engine  or  the  shaft  of  a  turbine  ;  bu 
in  all  cases  when  electrical  energy  is  developed,  there  is  resistance 
to  the  motion,  and  consequently  mechanical  energy  is  consume 
only  to  reappear  in  another  form.    The  rate  at  which  mechanic 
energy  is  supplied  to  the  dynamo  is  usually  measured  in  hors 
powers,  and  the  relation  between  the  two  units  in  which  rates  i 
development  of  mechanical  and  electrical  energy  are  rcspectivt 
measured  is  such  that  one  horsepower  is  the  mechanical  equivalc 
of  746  watts,  whence  it  follows  that  i  ^  horsepower  is  nearly  equ 
to  one  kilowatt. 

But  in  no  machine  can  the  conversion  of  energy  from  on 
form  to  another  be  carried  on  without  some  loss,  by  which 
meant  not  the  actual  disappearance  or  annihilation  of  enei; 
(which  is  an  impossibility),  but  its  appearance  in  a  useless  form 
in  useless  places.  To  take  the  case  of  a  centrifugal  pump,  tl 
rate  at  which  mechanical  energy  is  supplied  to  it  is  measured 
the  brake  horsepower  spent  on  its  shaft,  but  the  rate  at  wh 
useful  energy  is  developed  is  determined  by  the  rate  of  flow 
water  under  the  pressure  created  by  the  pump  at  its  deliver 
outlet  ;  some  of  the  work  done  on  the  shaft  of  the  pump  is  < 
pended  in  heating  its  bearings  by  friction,  and  of  the  actu 
hydraulic  work,  as  has  been  already  pointed  out,  a  portion 
expended  in  driving  the  w.iter  through  the  channels  of  the  pu 
against  the  resistance  of  fluid  friction.  Both  are  inevitable  loss 
and  closely  analogous  to  them  are  the  losses  in  a  dynamo  ;  ap 
from  the  loss  by  friction  in  its  bearings,  we  have  seen  that  the 
is  a  necessary  loss  from  its  total  rate  of  development  of  electric 
energy,  due  to  the  absorption  of  work  in  driving  the  currei 
thiough  the  electrical  resistance  of  the  dynamo  itself.     Ii 
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sequence  therefore  of  these  mechanical  and  electrical  losses,  if 
the  rale  of  stipply  of  mechanical  energy  to  the  shaft  of  the  dynamo 
be  one  horsepower,  its  output  must  be  something  less  than 
746  watts.  Nevertheless,  of  all  machines  yet  invented,  the  dynamo 
may  now  rank  as  one  of  the  most  perfect  transformers  of  energy. 
The  *  efficiency '  of  the  dynamo  or  the  ratio  between  the  useful 
energy  obtained  from  it  and  the  energy  supplied  to  it  in  another 
form  is  very  high,  since  in  all  but  very  small  machines  it  is 
practically  and  commercially  possible  to  obtain  as  much  as  90  per 
cent,  of  the  mechanical  energy  supplied,  returned  at  the  terminals 
of  the  dynamo  in  its  new  form  of  electrical  energy,  and  in  large 
machines  even  higher  percentages  are  frequently  attained.     Much 


Flc.  I. — TwO'poIe  conttnuotu.curT«Dt  dynamo, 

improvement  cannot  therefore  be  expected  on  this  score,  and 
although  the  dynamos  of  the  future  may  be  cheaper  to  construct, 
they  will  scarcely  be  more  efficient. 

Let  us  now  consider  the  action  of  the  typical  dynamo  of  fig.  2, 
irh  represents  in  elevation  and  section  a  two-pole  belt-driven 

hine  such  as  is  used  for  supplying  current  to  incandescent 
lamps  ;  dynamos  the  same  or  similar  in  design  have  been  and 
»ie  now  constructed  by  many  makers  in  perhaps  larger  numbers 
than  those  of  any  other  class.  We  have  said  that  any  dynamo 
consists  of  two  structural  portions,  between  which  relative  motion 
is  produced  :  in  this  machine  the  stationary  portion  consists  of 
an  iron  horseshoe  magnet,  dd,  round  the  limbs  of  which  ore 
wound  coils  et  formed  of  many  turns  of  insulated  cop^ier  wire  •, 
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its  two  pole-pieces,  n  and  s,  are  bored  out  so  as  tu  nearly 
embrace  the  circumference  of  the  revolving  portion  a.  Tl 
latter  consists  of  a  cylindrical  iron  structure  rigidly  mounted 
a  steel  spindle  which  is  supported  at  either  end  by  bearings 
at  the  one  end  carries  a  pulley  ;  on  it  is  wound  a  number  of  tu 
of  insulated  copper  wire  lying  close  together  all  round  the 
cumference,  and  passing  on  the  outside  longitudinally  across  from 
one  end  to  the  other :  these  turns  are  connected  at  one  end  to 
another  smaller  cylindrical  structure  known  as  the  '  commutator,' 
e,  on  which  rest  two  pairs  of  stationary  'brushes,'  Si,  each  pair 
being  connected  electrically  to  one  of  the  two  terminals  of  the 
machine,  a  d.  The  action  of  the  machine  is  shortly  as  follows. 
By  sending  an  electrical  current  round  the  coils,  ee,  we  make  the 
iron  horseshoe  strongly  magnetic,  or,  as  it  is  termed,  '  excite '  a 
'  magnetic  field '  between  its  poles.  By  means  of  a  belt  passing  o' 
the  pulley  the  shaft,  and  with  it  the  cylinder,  is  caused  to  rotate, 
so  move  relatively  to  the  magnet ;  at  once  an  electromotive  foi 
is  set  up  in  each  of  the  copper  wires  under  tke  pole-pieces, 
general  effect  of  which  may  be  broadly  summed  up  by  saying 
that  a  difference  of  electrical  potential  is  produced  between  the 
points  A  D,  just  as  was  the  case  in  the  simple  dynamo  of  fig.  i. 
Now  if  an  external  circuit  be  applied  to  these  terminals  this 
electrical  pressure  will  cause  a  current  to  flow  round  the  com- 
pleted circuit,  passing  on  its  way  through  the  copper  wires  them- 
selves. Directly  such  a  current  flows  we  have  electrical  energy 
developed,  and  therefore  mechanical  energy  must  be  supplied 
the  spindle  through  the  pulley  ;  in  other  words,  as  soon  as 
circuit  is  closed,  and  a  current  flows,  the  revolving  portion  offii 
resistance  to  the  motion,  and  work  has  to  be  done  in  overcomi 
this  resistance.  But  what  is  tlie  '  magnetic  field  '  which  wc  lia 
spoken  of  as  being  created  by  passing  a  current  through  the  coi 
encircling  the  magnet  ?    This  question  wc  have  next  to  consid 
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THE   MAGNETIC   FIELD 

Let  us  take  an  ordinary  straight  bar  magnet  and  place  it  across 
an  upright  piece  of  wood,  so  that  it  is  supported  in  the  air  away 
from  any  iron  by  means  of  the  prop  at  its  centre.  Let  us  next 
approach  it  with  a  small  'magnetic  needle,'  or  piece  of  steel  mag- 
netised along  its  length,  so  that  one  end  is  a  north  pole  and  the 
other  a  south  pole ;  we  may  use  for  the  purpose  either  a  little 
compass  needle  delicately  pivoted  by  a  jewel  or  agate  cap  on  a 
Jharp-pointed  support,  so  as  to  be  free  to  move  in  a  horizontal 
plane,  or,  better  still,  a  magnetised  needle  suspended  by  its  centre 
of  gravity  at  the  end  of  a  thread,  so  as  to  be  free  to  set  itself  in 
any  plane,  horizontal  or  otherwise.  Now,  when  such  a  small 
needle  is  brought  up  near  to  the  bar  magnet,  it  will  be  found  that 
at  whatever  point  in  the  neighbourhood  of  the  magnet  it  is  placed 
it  will  set  its  length  or  magnetic  axis  in  a  definite  direction,  and 
if  thrust  aside  from  that  position  of  equilibrium  it  will  return  to 
a  and  to  no  other.  The  exact  direction  will  vary  according  to 
the  place  where  the  needle  is  held,  but  for  each  place  there  is  one 
particular  direction  in  which  it  will  always  set  itself.  And  this  is 
true  whether  it  be  held  above  or  below,  to  the  right  or  to  the  left 
of  the  bar  magnet ;  it  always  takes  up  its  definite  position,  with  its 
north  pole  pointing  more  or  less  directly  towards  the  south  pole  of 
the  Urge  magnet,  and  its  south  pole  towards  the  magnet's  north 
pole.  Wc  see  from  this  that  the  space  surrounding  the  bar  magnet 
is  in  some  way  diffi^rent  from  the  same  space  when  the  magnet  is 
temoved,  for  then  the  needle  will  always  point  to  the  earth's  north 
pole.  Our  first  aim  must  therefore  be  to  explore  the  surrounding 
ipace,  and  to  arrive  at  some  method  by  which  its  peculiar  properties 
on  be  adccjuatcly  described.    To  do  this  scientifically  we  iet\tlv.ie 
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to  examine  its  effects  upon  a  single  magnetic  pole ;  and,  con 
quently,  the  small  needle  which  we  used  above,  and  which  ha4 
two  poles,  one  at  either  end,  is  not  strictly  the  exploring  instrumed 
which  theory  demands.     Now  in  nature  it  is  absolutely  impossibM 
for  the  two  poles  to  be  separated  so  that  a  north  pole  should 
exist  separately  and  apart  from  a  south  pole,  or  vice  versd  ;  yet 
certain  devices  we  may  so  arrange  matters  that  the  one  pole  of  th 
exploring  needle  is  so  far  from  the  bar  magnet  as  to  be  practical! 
uninfluenced  by  it,  and  thus  we  can  make  a  practical  approximatio 
to  the  ideal  requirement  of  a  single  free  magnetic  pole. 

Suppose  that  we  place  our  bar  magnet,  still  supported  at  i 
centre,  in  the  middle  of  a  large  glass  vessel,  away  from  the  side 

and   fill  up   the   ve 
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with  water  to  the  lev 
of  the  magnet  (fig. 
Let  us  then  magnetis 
a  very  thin  and    Ion 
piece  of  steel,  such 
a    knitting-needle,    ar 
fix  it  vertically  with  on 
of  its  ends,  say  its  nor 
pole,  in  a  piece  of  cork 
if  we  now  place  the  co^ 
in    the  water,   with 
needle  projecting  dov 
wards  like  the  mast 
an  overturned  boat,  th 
whole  will  flait,  with  the  top  of  the  cork  just  level  with 
water,  and  the  north  pole  of  the  needle  projecting  through 
so  as  to  be  level  with  the  bar  magnet.      The  other,  or 
end  of  the  needle,  will  then  be  so  far  away  from  the  bar  magi 
that  we  may  regard  it  as  out  of  reach  of  the  influence  of 
latter,  and  may  therefore  consider   that  we  have   a   single  fi 
north  pole  floating  on  the  water  ;  for  the  cork,  being  non-magnci 
will  not  affect  the  result  in  any  way  whatever.     Let  us  now  brii 
our  exploring  boat  close  up  to  the  north  pole  of  the  magnet 
soon  as  we  loose  our  hold  it  will  start  off  on  a  voyage  to  the  soi 
Tir.!.-  -,nd,  when  it  has  reached  it,  will  there  come  lo  rest.    In 
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passage  froro  the  north  to  the  south  pole  it  will  describe  a  certain 
cuived  path,  as  shown  by  arrows  on  the  top  of  the  water  in  the 
diagram.  If  we  take  the  boat  back  and  place  it  at  another  part  of 
the  north  end  of  the  bar  magnet,  it  will  start  off  again,  but  along 
another  path,  perhaps  further  out  from,  or  perhaps  nearer  to,  the 
bar,  according  to  the  position  of  the  point  from  which  it  starts. 
The  same  will  be  repeated  also  on  the  other  side  of  the  bar  mag- 
net ;  further,  if  between  the  experiments  we  gradually  turn  the 
bar  magnet  over  on  its  side,  we  shall  find  that  similar  curves  are 
invariably  described  by  our  floating  north  pole,  until  after  having 
turned  it  tJirough  i8o°,  we  see  that  there  is  no  difference  between 
any  of  the  four  sides  of  the  bar  magnet  as  regards  its  action  on 
the  exploring  pole. 

If  we  place  the  boat  far  away  from  the  magnet,  near  the  side 
of  the  vessel,  perhaps  it  will  not  move  at  all  ;  yet  this  is  only 
because  tlie  magnetic  force  which  tends  to  drive  the  boat  may  not 
be  strong  enough  to  overcome  the  resistance  of  the  water  to  the 
boat's  motion,  and  if  we  take  the  needle  out  and  can  magnetise  it 
more  strongly,  we  shall  find  that  the  boat  will  start  on  one  of  its 
voyages  to  the  south  pole  in  whatever  part  of  the  water  it  is 
pUoed,  except  very  close  to  the  centre  of  the  bar. 

We  thus  find  by  experiment  that  a  magnet  influences  a  mag- 
netic pole  brought  into  its  vicinity  by  acting  upon  it  with  a 
certain  force,  which  at  any  point  tends  to  move  it  in  a  particular 
direction  :  this  force  is  not  always  in  the  same  straight  Hne,  but 
gradually  curves  round,  so  that  a  free  pole  moving  under  it 
traverses  a  definite  curved  path  between  the  north  and  south 
■  ■■  of  the  magnet.  The  space  round  the  magnet  where  we  can 
t  this  effect  is  called   the  '  magnetic  field,'  or  simply  the 

f  field '  of  the  magnet.     Further,  this  field  has  no  fixed  limits  in 
'space,  since  the  distance  at  which  the  magnetic  force  can  be 

detected  depends  upon  the  sensitiveness  of  the  instruments  which 

wc  employ  to  detect  it. 

Let  us  next  trace  out  the  various  paths  traversed  by  the  N.  pole 

of  our  boat :  they  were  all  described  on  the  horizontal  plane  of 
surface  of  the  water,  but  relatively  to  the  magnet  they  were 
in  every  plane  which  contains  its  length,  since  the  magnet 

tras  gradually  rotated  round  lengthwise  without  in  any  way  affect- 
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ing  the  character  of  the  curved  paths.  If,  therefore,  we  combine 
together  all  the  paths  which  we  have  seen  described,  they  will 
form  a  complete  system  of  lines  encircling  and  enveloping  the 
magnet  on  all  sides,  and  all  curbing  round  from  the  north  to  tl 
south  pole.     Fig.  4  gives  a  view  from  above  of  a  bar  magnet 

the  centre  of  a  system 
lines  described  in  ev( 
plane  containing  its 
length,  and  shows  ho' 
they  would  form  a  ki 
of  spheroidal  cocoon 
threads  stretching  froi 
one  pole  to  the  otiier. 
Now  what  are  these  pat 
so  traced  out .'  They  ai 
'  lines  of  force,'  being  the 
lines  or  paths  in  whii 
a  single  magnetic  pel 
placed  in  the  field  at  any  point  will,  if  left  free  and  unconstrained, 
be  forced  to  move  from  the  one  pole  to  the  other.  A  tangent 
drawn  to  a  line  of  force  at  any  point  gives  the  actual  direction  of 
the  magnetic  force  at  that  point ;  this  direction  is  continually 
changing,  and  the  lines  are  curved,  but  the  simple  pole  as  it  followj 
the  curves  is  assumed  to  be  uninfluenced  by  anything  of  the  natu 
of  centrifugal  force.  Since  our  exploring  boat  would  start  movir 
from  any  place  near  the  magnet  (except  just  at  its  centre,  wheij 
there  is  no  magnetic  force),  it  is  evident  that  the  number  of  sue 
'  lines  offeree '  is  really  infinite,  yet  it  will  be  sufficient  to  mark  dow 
a  number  large  enough  to  give  us  a  clear  idea  of  the  various  directioa 
of  the  force.  And  this  the  more  so  because  it  will  be  found  ih 
if  the  lines  are  traced  out  very  accurately,  no  two  lines  ever  cut  eac 
other,  but  that  they  always  run  side  by  side,  more  or  less  conve 
ing  or  diverging,  but  ne\'er  intersecting ;  in  fact,  it  would  be  imp 
sible  for  two  or  more  lines  to  intersect,  since  at  any  point  in 
field  a  free  single  pole  can  only  move  in  one  particular  direction 

But  not  only  have  the  lines  a  certain  position  in  space, 
have  also  a  certain  '  sense,'  as  it  is  termed  ;  by  this  is  me 
direction  in  the  further  sense  that  a  free  north  pole  set  dovrn 
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any  line  will  move  'va  one  direction  along  it,  while  a  free  south 
pole  will  move  in  the  opposite  direction.  It  is  conventionally 
agreed  that  the  positive  direction  of  the  lines  is  that  in  which  a 
north  pole  would  move,  and  hence  in  our  first  experiments  we 
diose  a  north  pole  to  place  in  our  exploring  boat ;  the  direction 
thus  given  to  the  lines  by  a  north  pole  is  usually  indicated  on 
them  by  arrowheads.  Consequently  all  the  lines  of  force  are 
r^arded  as  emanating  from  the  north  pole  of  a  magnet  and 
'  flowing '  as  a  stream  round  to  the  south  pole  through  the  sur- 
rounding air.  Further,  what  is  their  relation  to  the  fixed  direc- 
tions which,  as  our  first  experiment  showed,  were  imposed  on  a 
small  compass  needle  when  brought  into  a  magnetic  field  ?  If  we 
eliminate  the  eflect  upon  it  of  the  earth  as  a  magnet,  it  will  be 
found  that  at  every  point  its  magnetic  a.xis  is  set  tangentially  to 
the  direction  of  the  curved  lines  of  force  ;  hence  the  picture  given 
to  us  by  our  s)'stem  of  lines 
of  force  enables  us  to  predict 
the  definite  position  which  a 
magnetised  needle  will  take 
up  at  any  point  in  the  space 
euiTOunding  the  bar  magnet. 
Fig.  5  shows  the  position  and 
direction  of  a  few  lines  sepa- 
latcd  out  from  the  number 
which  traverse  the  field  of 
n  innenet,  and  further  shows 

1  compass  needle  setting  itself  tangentially  to  their  direction. 
11  Uie  needle  be  small,  and  at  some  distance  from  the  magnet,  it 
docs  not  move  as  a  whole  along  the  lines  of  force,  as  did  our 
single  magnetic  pole,  because  its  two  poles  are  nearly  equally 
affected  by  opposite  forces,  and  the  one  tends  to  move  in  the  one 
direction  as  strongly  as  the  other  in  the  opposite  direction.  Yet 
if  placed  athwart  the  lines  the  needle  is  acted  on  by  a  couple 
tending  to  rolate*it  until  its  axis  coincides  as  ncariy  as  possible 
with  the  line  of  force  ;  it  therefore  sets  itself  tangentially  to  the 
direction  of  the  lines  at  that  part  of  the  field  where  it  is  placed. 
Its  north  end  will  point  along  the  line  in  the  same  direction  as 
that  in  which  a  free  north  pole  would  move.    By  the  north  etvd  ox 
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pole  of  a  magnet  we  shall  throughout  mean  that  which  points  to 
the  geographical  north,  or,  as  it  is  sometimes  termed,  is  north- 
seeking  ;  and  when  a  compass  needle  sets  itself  along  lines  of 
force,  the  end  which  points  towards  the  geographical  nortli,  if 
acted  on  by  the  earth's  field  alone,  will  indicate  the  positive  dir 
tion  of  the  lines  of  force,  or  point  down  the  lines  in  that  directic 
which  will  lead  us  to  the  south  pole  of  the  magnet. 

We  have  now  seen  that  the  condition  of  space  which  wc  call  i 
magnetic  field  can  be  usefully  represented  by  '  lines  of  force  ' ; 
sum  up,  they  themselves  show  the  path  and  direction  in  which  a" 
free  magnetic  pole  will  move  when  placed  in  the  field  at  any  point, 
and  a  tangent  to  them  shows  the  position  which  a  small  piece  of 
magnetised  material,  such  as  a  compass  needle,  will  take  up  under 
the  action  of  the  forces  on  its  two  poles. 

The  reader  will  probably  know  the  way  in  which  the  field  of  t 
magnet  is  illustrated  by  means  of  iron  filings  sifted  on  to  a  slicut 
of  glass  or  paper  held  over  a  magnet.  The  little  pieces  of  iron 
become  magnetised  by  induction,  as  it  is  termed,  along  their 
greatest  length,  so  that  one  end  forms  a  north  pole  and  the  other 
a  south.  They  then  resemble  our  compass  needle,  and  conse- 
quently set  themselves  end-on  along  the  direction  of  the  lines  of 
force  at  any  part  of  the  field  ;  where  the  plane  of  the  paper  cuts 
across  the  direction  of  the  lines  the  filings  stand  up  erect,  and 
give,  as  it  were,  a  view  of  the  lines  in  section  ;  where  the  direc- 
tions of  the  lines  fall  in  the  plane  of  the  paper  they  follow  along 
them  in  chains,  the  north  pole  of  each  little  magnet  clinging  to 
the  south  pole  of  its  next  neighbour.  Thus  in  the  case  of  a  bar 
magnet  laid  horizontally  on  its  side,  the  filings  collect  in  crowded 
tufts  above  the  poles  and  stand  up  nearly  vertically  ;  from  the 
edges  they  radiate  outwards,  and  gradually  curve  round,  forming 
more  or  less  closed  chains  in  the  horizontal  plane  of  the  paper. 
Meanwhile  there  is  one  point  on  which  the  picture  given  by  the 
iron  filings  must  not  be  allowed  to  mislead  us.  The  filings  arrange 
themselves  at  the  sides  of  the  magnet  in  curves  which  arc  to 
certain  extent  broken  and  separated  off  by  intervals  in  which  the 
are  no  filings.  But  we  know  that  an  infinite  number  of  clos 
contiguous  lines  of  force  could  have  been  traced  out  by  means  i 
our  exploring  north  pole,  and  consequently  that  then:  ore  in  realii 
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no  gaps  in  the  magnetic  field  cotresponding  to  any  gaps  between 
ihc  lines  of  the  iron  filings.     From  their  mutual  action  on  one 
another  the  magnetised  filings  tend  to  fall  into  lines  when  the  paper 
is  gently  tapped,  and  to  complete  those  lines,  leaving  interlinear 
bands,  rather  than  to  remain  spread  uniformly  over  the  surface, 
even  though  their  magnetic  axis  be  set  along  some  line  of  force. 

Yet  what  at  first  sight  seems  a  defect  in  the  picture  given  by 
the  iron  filings  may  serve  as  a  hint  to  suggest  a  method  by  which 
wc  may  still  further  map  out  a  magnetic  field  so  as  to  fully  exhaust 
its  properties.     At  any  point  in  a  magnetic  field  the  force  acting 
on  a  pole  or  on  a  magnet  as  a  whole,  not  only  has  a  certain  posi- 
tion and  direction,  but  also  a  certain  magnitude  ;   in  other  words, 
ihe  magnetic  field   has  a  certain  intensity   or  strength.      This 
•strength  of  field '  must  again  be  estimated  by  reference  to  such  a 
simple  magnetic  pole  as  previously  gave  its  direction,  and  for  this 
purpose  the  pole  must  be  of  unit  strength.     Unit  pole  is  a  mag- 
netic pole  of  such  strength  that  if  it  is  placed  in  air  at  unit  distance 
from  another  such  pole  of  equal  strength  there  will  be  unit  force 
acting  between  the  t^vo,  repelling  or  attracting  them  according  as 
they  are  of  the  same  or  opposite  sign.    Consequently  on  the  C.G.S. 
system  of  units  a  unit  north  pole,  placed  at  a  distance  of  one 
oentimein:  in  ait  from  a  south  pole  of  equal  strength,  will  be  at- 
tncted  with  a  force  of  one  dyne.     The  strength  of  a  field  at  any 
poinl  is  estimated  by  measuring  the  force  with  which  a  unit  pole 
would  be  acted  upon  at  that  point.     A  field  is  therefore  of  unit 
strength  if  a  unit  pole  placed  in  it  is  acted  upon  by  a  force  of  one 
dyne.     The  field  of  a  bar  magnet  increases  in  strength  the  nearer 
[  ■roach  cither  of  its  poles,  as  is  shown  by  our  north  pole  being 
.......t,ly  attracted  or  repelled  when  close  up  to  the  south  or  north 

pole  of  the  magnet. 

then,  aLso  represent  the  strength  of  a  field  by  the  same 
J,  il  picture  of  magnetic 'lines  of  force*?    The  experiment 

with  the  iron  filmgs  suggests  a  method  by  which  this  can  be  done. 
It  ha*  been  stated  that  there  are  no  real  gaps  in  the  magnetic  field, 
hot  that  the  force  per\ades  the  whole  of  it,  varying,  it  may  be,  in 
rent  places,  yet  continuously  shading  off  from  one 

.^  i.cr  without  any  sudden  jumps  or  breaks;   yet  the 

fines  of  force  indicated  by  the  fiUngs  are  crowded  togelV\et  neu 
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the  poles  where  the  force  is  strongest,  and  gradually  widen 
until  where  the  force  is  weakest  they  are  comparatively  wid<i 
scattered.     Now  suppose  that  we  cut  the  lines  by  a  plane  at  rig 
angles  to  their  direction  at  any  point ;  obviously  we  should 
more  lines  per  unit  area  on  such  a  transversal  plane  if  it  is  t 
near  to  the  poles  than  if  it  be  placed  at  some  distance  from  thctnT 
consequently  the  density  of  the  lines  or  the  number  of  lines  tra- 
versing any  unit  area  in  a  plane  perpendicular  to  their  directi< 
might  be  made  to  serve  as  a  guide  to  the  relative  strength  of 
force  at  different  parts  of  the  field. 

If,  therefore,  out  of  the  infinite  number  of  lines  of  force  ihar* 
could  be  drawn  at  any  part  of  the  field  we  select  a  certain  number 
of  marked  lines,  w^e  could  represent  the  magnitude  of  the  force 
acting  on  a  unit  pole  placed  in  any  part  of  the  field  by  the  close- 
ness or  sparseness  of  such  selected  lines  at  that  part ;  and  if  ca(^ 
selected  line  represents  a  force  of  one  dyne  acting  on  a  unit 
we  can  then  express  the  strength  of  the  field  by  stating  how  ma 
such  lines  there  are  per  unit  area  of  cross-section  on  a  plane 
normal  to  their  direction.  Unit  field  will  have  one  line  per  i 
area  of  such  a  plane,  because  unit  pole  placed  in  it  would  be  acH 
upon  by  unit  force,  or  on  the  C.G.S.  system  one  line  per  squ 
centimetre  will  represent  a  field  acting  with  a  force  of  otJC  < 
upon  a  unit  pole. 

In  fig.  6  let  each  of  the  small  squares  represent  in  perspecti 
one  square  centimetre  of  area  on  a  plane  at  right  angles  to  i 

direction  of  the  lines  of  the  fielj 
out  of  the  infinite  number  of  th< 
as  represented  by  the  shading,  I 
selected  lines  stand  out.  Mid 
CCS.  lines,   as   they  are 

indicate  a  field   of  such  stT 

Flo.  6.  '*'*'^t  '"  '*  unit  pole  will  be  ac( 

upon   by  a  force  of  four  dyn 
By  such  unit  lines  the  intensity  of  a  field  can  bo  numer 
expressed;  e.g.  a  field  whose  intensity  or  strength  is   i.oool 
CCS.  measure  means  one  in  wiiich  the  number  of  C.G.S.  li( 
per  square  centimetre  on  a  plane  normal  to  its  direction  is  i, 
aod  in  which,  therefore,  a  unit  pole  would  be  acted  on  by  a  fo 
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dynes.  Thus  by  means  of  a  definite  system  of  lines  all  the 
prO])crties  of  a  magnetic  field  can  be  accurately  represented,  its 
direction  and  its  strength  mapped  out  and  marked.  A  uniform 
field  will  be  graphically  represented  by  lines  running  parallel  to  one 
another  and  spaced  at  equal  distances,  as  in  figs.  13  and  20  ;  since, 
then,  wherever  the  unit  area  be  taken  on  a  plane  normal  to  the 
direction  of  the  field,  the  same  number  of  lines  traverse  it.  A  field 
of  \-arying  intensity,  when  plotted,  will  appear  with  a  varying 
density  of  hnes,  yet  always  so  spaced  that  the  number  passing 
through  unit  area  oil  the  normal  plane  is  equal  to  the  strength  of 
the  field  in  dynes  when  acting  on  unit  pole  at  that  place.  To  ex- 
press its  strength,  so  small  an  area  of  cross- section  must  be  con- 
sidered that  the  density  of  lines  within  that  area  may  be  regarded 
as  uniform.  Fig.  21  shows  in  section  and  plan  portions  of  two 
fields  whose  intensities  gradually  decrease  as  we  move  towards  the 
central  gap  between  them,  the  direction  of  one  being  opposite  to 
that  of  the  other. 

Henceforth  the  unit  pole  will  disappear  from  our  pages,  and 
all  magnetic  phenomena  will  be  treated  by  means  of  the  imaginary 
conception  of  '  lines.'  When  these  lines  of  the  field  are  spoken  of 
almost  as  if  they  had  actual  existence  in  Nature,  it  must  be  re- 
membered that  they  are  only  a  device  for  expressing  clearly  and 
concisely  certain  |ih>  sical  facts,  and  their  meaning  must  always  be 
sought  for  by  reference  back  to  the  free  unit  pole  of  north  polarity. 
We  may  compare  the  method  by  which  they  are  pictorially 
indicated  to  that  by  which  light  or  shadow  is  represented  in  line 
engraving  :  a  strong  field  can  be  represented  by  a  shading  of 
closely -packed  but  separate  lines,  just  as  is  a  dark  shadow, 
althougli  both  field  and  shadow  have  no  structure  and  are  per- 
fectly continuous,  the  one  in  nature  and  the  other  in  the  picture 
which  the  engraving  represents  in  black  and  white.  The  conven- 
tionality of  the  method  is  shown  by  the  fact  that  we  sometimes 
have  to  deal  with  fractions  of  a  line  ;  for  example,  the  intensity  of 
tJic  earth's  field  in  England  is  such  that  it  would  act  on  a  unit 
pole  with  a  force  of  47  or  about  half  a  dyne  ;  such  a  case  would 
be  represented  by  half  a  line  per  square  centiTiietre,  or,  as  this 
C9old  not  lie  pictorially  represented,  by  one  line  passing  through 
fvery  two  square  centimetres  of  area  on  the  normal  plane. 
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In  the  preceding  chapter  the  magnetic  field  existing  oui 

smight  bu  magnet  has  been  mapped  out  by  means  of  lii 

force  which  were  found  to  emanate  from  its  north  pole  and  enl 

into  its  south  pole  ;  but  it  still  remains  to  ask,  What  is  the  /«/« 

condition  of  the  bar  magnet,  and  can  we  still  further  extend 

method  to  iu  interior?    Obviously  we  cannot  make  any  exploria 

experiment  within  the  mx<s  of  the  iron,  even  with  the  approxintt 

tion  to  A  single  free  pole  which  we  previously  used,  and  the  qu- 

lion  can  therefore  only  be  decided  by  theory  as  explanator>' 

all  the  phenomena  connected  with  the  subject ;  and  to  help 

to  form  such  a  theory  we  must  next  consider  the  magnetic  fiel 

surrounding  a  cotiductor  which  is  conveying  an  electric  current, 

In  ihe  year   1819  a  I)anish   physicist,  Oerstedt,  discovere 

that  when  a  magnetic  needle  was  brought  near  a  wire  carrying 

electric  cuncni,  it  was  deflected  into  a  definite  position  relativi 

to  the  wire  ;  in  other  words,  between  the  conductor  conveyij 

Ml  electric  current  niid  the  magnet  he  found  that  there  existed 

certain  nwgnelic  force  which,  if  the  conducting  wire  were  static 

ary,  and  the  needle  movable,  would  cause  the  latter  to  set  its 

in  a  definite  direction  :  for  example,  if  the  conductor  conveyi 

ihc  current  is  a  long  straight  wire  held  horizontally  over  a  coi 

pass  needle,  the  latter  tends  to  set  itself  at  right  angles  to 

length  of  the  wire  ;  and,  further,  the  direction  in  which  its  no 

pole  iMjinis  when  it  has  so  set  itself  depends  upon  the  direction 

which  the  current  is  flowing  in  the  wire. 

Hence  we  sec  that  it  is  not  only  permanent  magnets  of  st 
which  have  a  maRnelic  field  ;  ;i'  urt. 


THE  MAGNETIC  CIRCUIT 


»9 


Bo-electric  machinery.    The  simple  experiment  of  Oerstedt 
m  fact  the  first  instance  that  had  laeen  observed  of  the  con- 

fi  of  electrical  energy  into  mechanical  work,  and  as  such 
ted  the  principle  of  the  electric  motor ;  for  the  needle  as  it 
could  be  made  to  do  mechanical  work. 
[n  order  to  map  out  more  definitely  the  magnetic  field  due  to 
Jectric  current  flowing  in  a  straight  wire,  we  will  again  have 
urse  to  the  picture  given  us  by  iron  filings.  Let  us  pass  a 
ght  wire  through  a  hole  in  a  piece  of  cardboard  or  glass  plate 
at  right  angles  to  the  vertical  wire,  send  a  current  through 
dre,  and  sprinkle  iron  filings  on  the  plate  ;  as  in  the  similar 
riment  with  the  bar  magnet,  the  filings  will  arrange  them- 
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iin  lines,  which  in  this  case  are  concentric  circles 
ig  the  wire  as  their  centre  (fig.  7).  We  can  slide  the  plate 
nd  down,  while  still  keeping  it  in  a  plane  perpendicular  to 
ixis  of  the  wire,  and  there  will  be  no  alteration  in  the  shape 
le  figures.  Now  the  circles  thus  formed  show  us  the  position 
distribution  of  the  lines  of  force  of  the  field,  and  by  examina- 

(them  we  find  that  a  rectilinear  portion  of  an  electric 
such  as  a  straight  wire,  surrounded  by  air,  and  traversed 
rrent  of  which  the  return  path  is  a  considerable  distance 
s  surrounded  by  concentric  circular  lines  of  force,  in  a  plane 
endiculax  to  the  axis  of  the  wire,  and  having  their  centre  in 
xis. 
Xo  the  right  of  %.  j  the  position  of  a  few  of  l\\e  \\r\es  ol 
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force  surrounding  a  straight  conductor  Is  shown  more  ck 
together  with  a  small  compass  needle  setting  itself  tangentially  i 
the  lines  ;   the  current  is   supposed   to   be   flowing   downwardi. 
through  the  plane  of  the  paper,  and  the  direction  of  the  lines 
marked  by  arrowheads  is  seen  to  be  clockwise.     By  means  of 
compass  needle,  whose  north  pole  will  always  point  in  the  positil 
direction  of  the  lines,  it  will  be  found  that  the  direction  of 
lines  is  related  to  the  direction  of  the  current,  just  as  the  directkj 
of  rotation  of  an  ordinary  right-handed  screw  is  associated  with  I 
direction  of  its  forward  or  backward  movement  as  viewed  from  i 
head  to  which  the  screw-driver  is  applied.     For  example,  in  fig.  j 
if  the  screw  is  to  be  driven  in  from  right  to  left,  it  is  rotated  in! 
clockwise  direction,  as  seen  from  the  end  a,  and  similarly  with.1 
current  flowing  from  right  to  left  the  positive  direction  of  the  lines  I 
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the  direction  in  which  a  free  north  pole  would  be  impelled  rou 
and  round  the  conductor  is  also  clockwise  ;  if  the  direction  of  t 
current  is  reversed,  or  the  screw  is  being  drawn  out  from  left 
right,  its  direction  of  rotation  is  counter-clockwise,  and  so  also  ] 
the  direction  of  the  lines. 

The  position  and  direction  of  the  lines  of  force  surroimding 
straight  conductor  have  now  been  given,  and  their  distribution! 
again  shown  by  the  iron  filings  :  these  are  crowded  together  mo 
closely  near  the  wire,  and  thus  show  that  the  strength  of  the  f>i 
is  greatest  immediately  round  it,  and  gradually  diminishes  as 
radial  distance  from  the  wire  is  increased.    Further,  if  the  .streng 
of  the  current  through  the  wire  be  increased,  the  rings  of  ir 
filings  will  crowd  together  still  more  closely  in  all  parts  of  the  fie 
though  still  being  relatively  scattered  at  some  distance  away  ;  I 
short,  the  strength  of  the  field  varies  directly  as  the  strength] 
the  current,  and  inversely  as  the  distance  from  the  wira 

One  more  peculiarity,  which  is  as  yet  entirely  new  to 


THE  MAU.\KTIC  CJKCUJT 


31 


-.    \ 


N 


Kio.  9. 


I''  it  the  lines  of  force  are  in  this  case 

•  enw  !>■  surrounding  the  axis  of  llie  wire. 

any  line  is  traced  along  its  entire  course  we  eventuaUy 

•■  at  the  same  point  as  that  from  which  we  started  to  trace  it. 

Kcxi  let  us,  as  in  fig.  9,  bend  the  wire  round  so  as  to  form  a 

loop,  the  ends  being  twisted  together  and  insulated  from 

another,  so  that  the  current  passes  round  

atire  loop  ;  at  once  it  will  be  seen  that  if 
lines  of  such  a  current-loop  retain  the 
tral  character  of  the  lines  due  to  a  straight 
Sinductor,  they  will,  all  of  them,  pass  right 
'^••-■-■•■h  the  loop,  entering  into  one  face  of  it 
uing  outwards  from  the  other,  and  such 
|L^  reality  the  case.  The  field  of  such  a  loop 
Bl  be  explored  by  means  of  a  small  compass 
needle,  and  we  shall  find  that  it  not  only  takes 
Dp  a  definite  direction  when  outside  the  loop, 
but  also  when  placed  inside  it ;  and  as  so  traced  the  lines  are 
found  to  pais  through  the  loop,  and  thence  gradually  to  expand  into 
ounces  which  are  larger  and  larger  xs  we  pass  from  the  centre  of 
the  loop  outwards  until  tiiey  become  too  indistinct  to  be  traced, 
^gain,  therefore,  the  lines  are  closed  curves,  interlinked  with 
electric  circuit,  like  a  number  of  rings  threaded  on  to  one 
kiRon  nng.  By  again  applying  the  rule  of  the  screw  10  the 
liiied  case  of  our  circular  conductor,  it  will  be  found  that  the 
direction  of  the  lines  as  they  pass  through  the  loop  is  associated 
will)  the  direction  of  the  current  round  the  loop,  just  as  is  the 
noreraent  of  a  right-handed  screw  with  the  direction  of  its 
rotation,  and  this  leads  us  to  the  following  extremely  simple  and 
lient  rule  :  Curve  the  right  hand  round  the  outside  of  the 
,  keeping  the  palm  towards  its  axis,  so  that  the  direction  of 
'current  is  from  the  wrist  to  the  tips  of  the  fingers  ;  then 
tchcd  thumb  will  point  along  the  positive  direction  of 
within  tlie  loop,  the  face  from  which  they  issue  being 
jrt  on  the  same  side  of  the  hand  as  the  thumb. 

since  all  the  lines  enter  into  one  face  of  the  loop  and 
;  Croat  the  other,  the  loop  may  be  said  to  have  a  south  and  a 
\is,^ '- .  '"•>'  :ii  a  bar  magnet  hasu  n'ltili  ninl  a  soiitli  t-nd  :  ;ind 


the  loop  will,  in  fact,  act  in  every  respect  exactly  as  if  it  were  i 
thin  circular  magnet  magnetised  transversely  along  its  shortest 
axis  ;  it  will  repel  or  attract  other  magnets  according  as  the  face 
which  is  presented  to  them  is  of  the  same  or  opposite  polarity, 
and  if  susj^nded  so  as  to  be  free  to  move,  it  will  set  itself  in 
a  plane  perpendicular  to  the  magnetic  meridian,  so  that  its  north 
side  faces  the  geographical  north. 

In  fact,  for  the  circular  electric  current  we  might  in  imagina- 
tion substitute  a  thin  disc  of  magnetised  iron  or  steel,  or,  as  it  is 
termed,  a  '  magnetic  shell '  coinciding  in  form  with  the  loop,  and 
having  one  face  a  north  pole  and  the  other  a  south  pole.  The 
external  effect  of  such  a  magnetic  shell  would  be  identical  with 
that  of  the  current ;  in  other  words,  their  external  fields  would  be 
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the  same,  only  in  the  case  of  the  iron  magnet  we  could  not 
the  passage  of  the  lines  through  its  substance  by  means 
compass  needle. 

Next  let  us  place  several  such  loops  of  current  side  by  side  in 
a  straight  line.  This  is  best  effected  by  coiling  up  one  and  the 
same  length  of  insulated  wire  into  a  number  of  closely  contiguouft 
turns,  the  ends  being  brought  back  through  the  centre  of 
hollow  cyhnder  so  formed  (fig.  lo).  Such  an  arrangement 
called  a  '  solenoid,'  and  when  its  field  is  explored  by  a  comjiass 
needle  the  lines  (a  few  of  which  are  shown  in  the  diagram)  wi 
be  found  to  run  right  through  the  cylinder,  issuing  forth  from  \ 

•ing  into  one  or  other  end  according  as  the  current  flows  j 
ither  direction  round  it.    Again,  by  the  application  of 
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right  hand  curved  round  the  outside  of  the  helix  with  the  palm 
towards  the  axis,  and  so  placed  that  the  current  flows  from  wrist 
to  finger-tips,  the  direction  of  flow  of  the  lines  through  the 
solenoid  is  given  by  the  fact  that  the  thumb  points  to  the  north 
pole  or  end  from  which  they  issue.  Now,  just  as  a  single  loop  was 
found  to  be  equivalent  to  a  magnetic  shell,  so  a  solenoid  is  equi- 
^■alent  to  a  bar  magnet ;  as  regards  its  external  field,  it  will  set 
itself  north  and  south  when  suspended  freely,  and  exhibit  direc- 
tive, attractive,  and  portative  effects  just  like  a'bar  magnet. 

Now  let  us  insert  into  the  hollow  space  within  our  solenoid  a 
cjlindrical  ' core '  of  unmagnetised  iron  or  steel,  extending  from 
the  one  end  to  the  other,  and  examine  the  eflects  thereby  pro- 
duced ;  although  entirely  insulated  from  it  electrically,  it  will  be 
found  that  a  north  pole  is  developed  at  the  one  end  of  the  iron, 
and  a  south  pole  at  the  other,  so  that  the  whole  arrangement  still 
acts  externally  just  as  did  the  simple  solenoid,  which  itself  was  like 
a  permanent  bar  magnet,  only  now  its  attractive  and  directive 
force  is  very  much  increased.  Owing  to  the  electric  current  cir- 
culating round  the  turns  of  the  solenoid,  the  iron  becomes  magnet- 
ised by  '  induction,'  as  it  is  termed,  polarity  being  induced  in  it 
by  the  magnetic  field  in  which  it  was  placed.  U'e  have,  in  fact,  an 
*  electro-magnet '  whose  magnetism  depends  upon  the  presence  of 
the  '  exciting  current '  circulating  round  it  ;  when  this  current  is 
interrupted  the  iron  almost  or  entirely  ceases  to  attract  ;  as  soon 
as  circuit  is  again  made,  at  once  the  iron  becomes  magnetised  ;  it 
can  therefore  be  made  a  magnet  at  will.  The  external  field  of 
the  excited  electromagnet  is  closely  analogous  in  its  distribution  to 
that  of  the  solenoid  before  the  iron  core  was  inserted,  the  only 
difference  being  in  the  greater  strength  of  the  field  of  the  electro- 
magnet ;  and,  further,  it  is  closely  analogous  to  the  field  surrounding 
a  permanent  bar  magnet  as  previously  mapped  out.  Now  we 
have  seen  tiiat  in  the  simple  solenoid  without  any  iron  core  the 
lines  of  force  were  closed  curves  which  passed  right  through  its 
intericM' ;  it  is  therefore  reasonable  to  assume  that  if  we  could 
explore  the  interior  of  the  iron  core  placed  inside  the  solenoid,  the 
lines  would  be  found  to  traverse  its  substance  from  end  to  end  in 
«  mmner  exactly  similar  to  that  in  which  they  traverse  the  hollow 
solenoid  ;  and,  further,  it  is  reasonable  to  assume  ih&l  vVve  saimc  S& 
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also  the  case  with  the  permanent  bar  magnet.     'Ihis  view  i^ 
fact,  the  basis  upon  which  the  whole  of  the  modern  theory 
magnetism   rests  ;   its  complete  justification   and   establislimeJ 
would  lead  us  so  far  afield  that  the  reader  must  rest  content  wiu 
tlie  above  proof  by  analog)'. 

The  assumption  which  is  here  made  needs,  however,  to 
rendered  more  definite  and  explicit.     When  a  piece  of  unma 
netised  iron  is  placed  in  a  magnetic  field,  and  so  magnetised 
'  induction,'  every  small  portion  of  it,  wherever  situated,  has 
definite  magnetic  axis,  which  is  the  direction  of  magnetisation  i 
that  place.     Now,  if  a  transverse  cut  be  supposed  to  be  made  i 
the  iron  at  right  angles  to  the  direction  of  magnetisation  at 
place,  and  the  free  unit  north  pole  of  theory  be  brought  to  the 
place  in  question  within  the  infinitely  thin  air  gap  formed  by  tk 
cut,  it  would   be   acted   ujjon   by  a  certain  force,   which  wh« 
expressed  in  dynes  is  known  as  the  '  magnetic  induction  '  at 
place.    This  force  can,  as  before,  be  represented  in  direction  ar 
magnitude  by  C.G.S.  lines,  so  spaced  that  the  number  traversingj 
square  centimetre  of  the  transverse  section  is  equal  to  the  numt 
of  dynes  of  force  which  act  on  the  unit  north  pole.     I5y  contir 
ing  our  imaginary  exploration  with  a  unit  north  pole  the  *  indo 
lion '  at  any  part  of  the  transverse  section  which  we  have  made  I 
the  iron  could  be  mapped  out,  and  by  means  of  a  number  of  suq 
sections  similarly  explored  we  should  arrive  at  a  complete  syste 
of  lines  of  force  within  the  iron,  mapped  out  by  a  particular  aq 
definite  process :   as  so  mapped  out  they  are  called  '  lines 
induction,'  since  they  indicate  the  direction  .ind  strength  of  l| 
'induction  '  at  any  point.     The  origin  of  this  term  is  renderfl 
more  evident  if,  as  above,  a  piece  of  unmognctised  iron  is  ce 
sidcred  in  which  magnetism  is  induced,  but  the  fact  conveyed 
the  technical  expression,  'the  magnetic  induction,"  and  the  enti 
process  by  whicli  the  lines  of  induction  arc  arrive'  lual 

applicable  to  any  piece  of  iron,  whether  it  be  an  ci'  ..net 

permanently  magnetised,  and  they  are,  in  fact,  so  applied.    'i1 
density  of  such  lines  jjcr  squ.ire  centimctn;  of  area  on  a  pi 
perpendicular  to  their  direction,  i.e.  'the  induction'  at  .iny  p* 
of  the  iron,  >  v  ii,  and  its  numencjil  n 

in  dyne.'v   ai  l:.  .  imli-  wlun    lln-  .il]<jve  \:\ 
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adhered  to.  The  '  total  induction '  through  any  area  of  cross- 
section  is  the  total  number  of  such  lines  that  cross  the  area  in 
qoevtion.  Now  the  reason  for  the  introduction  of  the  above 
method  of  exploring  the  interior  of  a  piece  of  magnetised  iron 
all  its  necessary  precautions  and  exactitude  is  that  the  lines 
induction  so  mapped  out  in  the  iron  are  the  continuations  of 
the  lines  of  force  which  we  previously  mapjped  out  in  the  field 
exterual  to  an  iron  magnet ;  these  latter  when  traced  by  a  small 
compass  needle  were  found  to  spring  from  and  end  at  the  polar 
surfaces  of  the  magnet  ;  beyond  that  we  were  unable  to  trace 
them,  although  the  evidence  of  the  lines  of  force  round  and 
through  a  solenoid  enabled  us  to  guess  their  continuance  through 
the  mass  of  the  iron  itself.  But  now  theory  has  showm  us  the 
method  by  which  they  can  be  traced  through  iron  ;  there  are  as 
many  lines  of  induction  passing  through  the  iron  of  a  magnet  as 
there  are  lines  in  its  external  field,  and  each  line  of  induction  in 
the  iron  finds  its  appropriate  continuation  in  one  of  the  lines  of 
the  external  field  as  originally  niapi)ed  out  by  our  compass  needle. 
Those  latter  lines  are,  in  fact,  lines  oj  induction  in  the  air,  and 
could  have  been  mapi>ed  out  by  the  same  process  as  above 
described  for  lines  withm  iron  ;  and  similarly  the  symbol  b  can 
be  extended  to  express  their  density  per  square  centimetre  in  air. 
Such  a  process  leads,  however,  to  exactly  the  same  system  of  lines 
u&  we  have  previously  discovered  by  simple  experiment  with  a 
compass  needle,  so  that  the  lines  which  have  been  described  as 
encircling  a  straight  wire  conveying  a  current,  or  a  loop,  or  a 
hollow  solenoid,  were  all  lines  of  induction  in  the  air.  Hence  in 
air  the  precautions  of  the  method  are  unnecessary,  and  it  is 
simpler  to  start  with  the  ready  method  of  mapping  out  a  magnetic 
field  as  first  described.  We  have  now,  therefore,  arrived  at  the 
following  results  :  Every  line  of  induction  is  a  closed  curve,  which 
cither  loops  round  an  electric  current  or  currents  (and  in  this  case 
Buy  be  entirely  in  air  or  entirely  in  iron,  or  partly  in  the  one 
and  partly  in  the  other),  or  at  some  portion  of  its  endless  path 
passes  through  a  piece  of  permanently  magnetised  steel  or  iron. 
W"  lines  of  induction  issue  out  of  iron  into  air  or  other 

n,  lie  material,  there  a   north  pole   is   developed;  and 

wherever  the)'  enter  from  air  into  iron,  there  we  have  a  souv\\ 
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prale  :  within  the  iron  their  direction  is  from  south  to  north,  mi 
out  it,  from  north  to  south.  Lines  of  induction  are  lines  of  for 
according  to  our  original  definition,  whether  they  are  in  air 
iron,  but  in  the  latter  they  are  lines  of  force  mapped  out  by  tS 
jjariicular  method  described.  The  expression  '  lines  of  force 
within  the  iron '  is,  however,  often  confined  to  a  system  of  lines 
mapped  out  by  a  different  theoretical  process,  and  from  which 
lines  of  induction  have  to  be  distinguished.  For  the  exact  nature 
of  and  reason  for  this  distinction  it  must  suffice  to  refer  to  larger 
works  dealing  more  fully  with  the  subject.'  Now  in  d)Tiamos  the 
E.M.F.  of  the  machine  is,  as  we  have  said,  generated  by  certain 
movements  of  electric  conductors  through  a  magnetic  field  in  i 
for  the  conductors,  though  wound  over  or  laid  on  iron,  are  in  efTe 
entirely  surrounded  by  air  or  other  non-magnetic  material.  Since, 
therefore,  in  the  air  no  distinction  need  be  made  between  lines  of 
force  and  of  induction,  whatever  the  theoretical  method  by  which 
they  are  plotted,  and  they  are  identical,  the  E.M.F.  may  IndiiTei 
ently  be  said  to  be  due  to  movement  through  either  lines  of  for 
or  of  induction.  But  in  every  dynamo  the  field  is  produced  eith 
by  one  or  more  electromagnets  or  by  permanent  steel  magneti 
hence  the  lines  with  which  we  have  to  deal  have  always  passj 
through  iron  at  some  portion  of  their  path,  and  are  in  every  sen 
lines  of  induction.  In  future,  therefore,  we  shall  deal  sole 
with  lines  of  induction,  and  invariably  speak  of  the  E.M.F. 
dynamos  as  due  to  the  action  of  '  lines  of  induction.' 

Reluming  to  the  solenoid  of  fig.   lo  we  have  already  stat 
that  the  strength  of  its  field  is  very  much  increased  by  the  inser- 
tion of  an  iron  core  ;  in  other  words,  the  total  number  of  hnes  of 
induction  passing  through  the  solenoid  and  spreading  out  to  form 
the  external  field  has  been  enormously  increased  by  the  pre 
of  the  iron  core.    This  result  can  only  be  traced  to  some  sj" 
property  of  tlie  iron  as  iron  ;  if  we  insert  a  core  of  wood,  or  glass, 
or  porcelain,  or  any  non-metallic  substance,  no  difference  can 
found  as  compared  with  the  same  solenoid  encircling  only 
The  same,  loo,  may  be  said  if  we  try  any  of  the  metals,  with 

'  For  t  short  epitome  of  the  subject   sec  Professor  J.  A.  Fleming's 
AlterHate  Currrnt   Trant/'omier,   i,    13,    14  ;  also,  for  a  detailed  tutnna 
Frof.  J.  A.  Ewing^i  original  papen  in  /Vvi-.  X.S, 
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single  exceptions  of  iron,  cobalt,  or  nickel,  and  certain  of  their 
alloys  and  compounds  ;  and  ever^  in  the  case  of  cobalt  or  nickel 
their  effect  though  sensible  to  delicate  measuring  instruments  is 
not  to  be  comiwred  with  that  of  iron.  But,  more  than  this,  the 
strength  of  field  of  an  electromagnet  with  a  core  of  soft  annealed 
wrought  iron  can  be  made  much  more  intense  than  that  of  any 
combination  of  pennanent  steel  magnets  of  reasonable  dimensions. 
It  is  owing  to  this  fact  that  the  magnetic  field  which  must  be 
present  in  any  dynamo  is  now  almost  always  produced  by  means 
soft  iron  electromagnets,  strongly  excited  ;  so  long  as  the 
trical  engineer  was  dependent  on  jjermanent  steel  magnets  for 
suppl)-ing  him  with  a  magnetic  field,  the  powerful  dynamos  of  the 
present  day  were  impossible. 

But  what  is  the  strength  of  the  field  in  the  case  of  any  given 
solenoid  ?  To  determine  this  question  let  us  take  a  ring  of  wood 
of  circular  cross-section  and  wind  upon  it,  and  uniformly  all 
round  it,  a  number  of  turns  of  insulated  copper  wire  through 
which  an  electric  current  can  be 
passed  (fig.  11);  there  is  now  no 
external  magnetism  and  no  poles, 
since  the  lines  of  induction  form 
closed  cur>-es  entirely  within  the 
loops  of  the  solenoid,  but  by  means 
of  a  ballistic  galvanometer  the 
number  of  lines  passing  through 
the  solenoid  can  be  measured  in  a 
manner  which  at  this  point  we  need 
not  further  describe.  It  will  be 
found  that  the  strength  of  tiie  field 
il  increased  by  increasing  the 
Strength     of    the    current    flowing 

Afoogh  a  given  number  of  turns,  or  by  increasing  the  number 
of  turns  through  which  a  given  current  flows  ;  it  is,  in  fact,  with 
a  non-magnetic  core  simply  projwrtional  to  the  product  of  the 
current  and  the  turns  through  which  it  flows,  i.e.  to  the  ampferc- 
tums  of  tlie  solenoid;  and  this  product  is  called  the  'exciting 
power '  of  the  solenoid.  For  example,  if  a  certain  strength  of 
Bw'Id  \%  produced  by  an  excitinj?  power  of  10,000  ampfete-Xuros 
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wound  round  the  ring,  it  is  indifierent  whether  these  be  made  tip  by 
too  amperes  flowing  through  loo  turns  or  one  ampere  through 
10,000  turns.     Further,  with  the  given  number  of  ampfcre-tums, 
the  strength  of  the  field  is  inversely  proportional  to  the  mean  oil 
cumference  of  the  ring.     If,  therefore,  the  strength  of  field  wit 
the  solenoid  or  number  of  lines  per  unit  area  of  cross-section  1 
the  ring  is  symbolised  by  h,  the  general  law  is  summed  up  by  \\ 
equation 

AT 
H  "=»=-^. 

where  at  are  the  ampferc  turns  and  /=the  mean  circumference  of 
the  ring  ;  or  if  /  is  in  centimetres  and  h  in  C.G.S.  lines  f)cr  squ 
centimetre, 

where  ^=o*4!r,  or  i*2s6. 

The  total  number  of  lines,  z,  passing  through  the  solenoid 
equal  to  the  density  of  the  lines  per  unit  area  multiplied  by  the , 
area,  or  z=hX(7,  where  a=ihe  area  of  cross-section  in  squa 
centimetres  encircled  by  each  loop  of  the  solenoid. 

Now  H  is  the  strength  of  field   within   the  solenoid  whfl 
enwrapping  wood  or  air  or  other  non-magnetic  material  ;  but ! 
for  the  ring  of  wood  we  substitute  a  ring  of  iron  of  the 
shajje  and  si/.e,  and  wrap  round  it  the  same  exciting  power, 
know  that  the  number  of  lines  and  their  density  is  much  increase 
Let  B=this  new  value  for  the  density  of  the  lines  ;  then  b=/ 
where  /i  is  a  numerical  coefficient  expressing,  as  it  were,  the  multP" 
plying  power  of  the  iron  by  reason  of  which  the  density  of  the 
lines  IS  increased. 

The  great  importance  of  the  iron  core  may  be  estimated 
the  fact  that  the  numerical  value  of  /i  may  be  as  much  as  3,000, 
i.e.  by  its  presence  the  indui  lion  may  be  increased  to  s.ooo 
limes  the  value  which  it  previously  had  when  the  circular  solenc 
enclosed  merely  air  or  wood.  Staled  more  generally,  the  value  j 
/i  de^jcnds  in  reality  upon  the  nature  of  the  material  of  which 
core  is  made,  and  expresses  a  definite  physical  property  of  it, 
tiiat  if  M=lhe  onginal  strength  of  field  within  a  given  citcul 
solenoid    whose    ampcre-tums    encircle    air,  and    11=  the    n^ 
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xtrcn^i  of  field  or  induction  when  a  core  of  a  certain  material 
in  a  certain  condition  takes  the  place  of  the  enclosed  ring 
of  air,  then  for  that  material  in  the  given  condition  ft  is  equal 

For  air,   wood,   brass,  copper,  and  most   non -magnetic 


H 


Iterials  ^  is  sensibly  equal  to  i,  so  that  H  is,  in  fact,  the  '  induc- 

"Bon '  in  air  for  the  given  circular  solenoid,  or  the  value  of  n  when 

the  lines  of  induction  are  in  air.     For  iron,  cobalt,  or  nickel  ft.  is 

greater  than  i ;  but  for  bismuth,  which  slightly  decreases  the  density 

of  the  lines,  the  value  of  /*  is  slightly  less  than  unity. 

For  any  substance,  therefore,  in  the  form  of  a  ring  wrapped 
uniformly  round  with  a  certain  number  of  ampere-turns,  the 
density  of  lines  of  induction  passing  through  it  per  square  centi- 
metre of  cross-section  is  b=^h,  and  the  total  number  of  lines  of 
induction  is 

©•47rAT 


Z=B  Xrt= 


/ 
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Now  the  path  of  everj*  line  of  induction  is  a  closed  loop  or 
drcuit,  and  m  the  above  case  they  all  flow  round  the  ring  in  paths 
whose  mean  length  is  /:  a  is  the  area  normal  to  their  direction 
dtrongh  whid\  they  pass,  while  /*  is  a  numerical  coefficient 
depending  on  the  specific  nature  and  condition  of  the  material  or 
substance  through  which  they  flow.  Hence  the  denominator  of 
the  above  fraction  bears  a  close  resemblance  to  the  expression  for 

the  electrical  resistance  of  a  conductor,  viz.  -  .  -r,  where  k  is  the 

a     k 

specific  electrical  conductivity  of  the  metal  of  which  the  conductor 

is  composed,  or  the  reciprooU  of  its  specific  electrical  resistance  ; 

aod  considered  from  this  point  of  view,  the  fundamental  equation 

is  seen  to  be  of  the  same  form  as  the  well-known  equation  for 

Ohm's  law,  c=-.      This  suggests  to  us  that  an  analogy  might 

be  drawn  between  the  flow  of  a  current  through  an  electrical 
closed  circuit  and  the  flow  of  lines  of  induction  through  a 
Bugnctic  cirruit,  that  flow  taking  place  in  closed  loops  ;  and  tliis 
tniQogy  has  been  found  to  be  not  only  useful  by  way  of  illustra- 
ttoo,  bot  sufficiently  accurate  to  afford  a  ready  and  convemeuV 
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method  of  treating  the  laws  which  govern  the  production  of  linds 
of  induction  by  current-turns  round  an  electromagnet.  The 
path  of  the  lines  forms  a  '  magnetic  circuit '  closed  upon  itself  and 
having  a  certain  length  and  area  ;  through  this  circuit  there  flows 
a  stream  of  lines  of  induction  propelled  round  by  a  '  magneto- 
motive force,'  and  their  total  number  is  the  quotient  of  the 
magnetomotive  force  divided  by  the  magnetic  resistance,  or  (to 
give  this  property  a  more  distinctive  name),  the  '  reluctance '  of 
the  circuit.     Thus,  analogous  to  Ohm's  law — 

electric  current=  -; .'.'•; ;  we  hav^ 

electncal  resistance 

magnetic  flow  or  number  of  hnes='"'^^^°^''^'^i°"'g- 

magnetic  reluctance 

The  magnetomotive  force  is  proportional  to  the  number  of 
ampferetums  wound  round  the  circuit ;  by  these  is  produced  a 
certain  difference  of  magnetic  potential,  which  resembles  the  differ- 
ence of  electrical  potential  in  a  battery,  since  both  are  expended  in 
driving  the  electric  current  or  the  magnetic  flow  against  the  resist- 
ance or  reluctance  of  the  circuit.  The  current  or  the  flow  of  lines 
is,  in  fact,  the  rate  of  change  of  potential  over  the  resistance  or 
reluctance  of  the  circuit.  The  magnetic  reluctance  of  an  entire 
circuit  or  any  portion  of  it  is  proportional  directly  to  its  lengtl 
and  inversely  to  its  area.  Further,  all  substances  do  not  condui 
the  lines  of  induction  equally  well ;  consequently  /i  represents  the 
specific  conductivity  of  the  material  through  which  the  lines  paaSi 
when  in  the  particular  condition  implied  by  the  fact  of  such  a  fio' 
of  lines,  or,  as  it  is  termed,  its  '  permeability.'  On  the  C.G. 
system  air  has  been  determined  upon  as  the  substance  of  standa 
permeability,  for  which,  under  all  circumstances,  /*=!.  The 
magnetomotive  force  of  a  circuit  is  measured  by  o'47r  time  the 
^^-  exciting  power  in  amp^re-tums  ;  consequently  if  one  C.G.S.  li 
^B  passes  across  from  one  side  to  the  other  of  a  centimetre  cube 
^^  air,  unit  difference  of  m.ignetic  potential  must  exist  between  tl 
I  opposite  faces  of  the  cube,  i.e.  a  difference  of  magnetic  potent 
I  measured  by  o-47r  time  an  ampbre-tum.  Hence  when  the  path  of 
I  the  lines  is  entirely  in  air,  as  in  our  circular  solenoid  enclosing 
1  B=n,  or  the  strength  of  the  field  without  the  presence  of  any  iroi 
^^L         From  the  conception  of  a  magnetic  circuit  several  very 
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porUnt  consequences  follow,  which  will  here  be  briefly  considered. 
The  example  of  a  magnetic  circuit  which  we  have  considered  in 
our  fundamental  equation  has  been  a  closed  one  of  iron  of  the 
same  nature,  and  further  of  the  same  cross-section  throughout  its 
length,  and  the  path  of  the  lines  of  induction  was  throughout 
confined  to  the  iron,  and  had  a  length  which  may  be  considered 
as  equal  to  the  mean  circumference  of  the  ring.  But  a  magnetic 
circuit  may  also  be  made  up  of  different  materials  having  different 
permeabilities  ;  these,  again,  may  have  different  areas  of  cross- 
section  and  different  lengths,  while  further  they  may  be  arranged 
cither  so  that  each  hne  of  induction  in  its  closed  path  traverses 
them  in  succession  (i.e.  they  are  '  in  scries ' )  or  so  that  the  path 
followed  by  some  lines  is  different  from  the  path  of  others,  either 
tntirely  or  at  some  portion  of  its  length  (i.e.  they  arc  '  in  parallel ' ). 
And  it  is  in  such  cases  that  the  analogy  of  the  electric  and 
magnetic  circuits  proves  of  use  as  a  safe  clue  to  a  ready  method 
of  treatment.  If  a  group  of  lines  passes  round  an  entire  circuit, 
or  through  a  portion  of  a  circuit,  which  may  be  divided  along  its 
length  into  different  sections  having  different  lengths,  areas,  and 
permeabilities,  their  total  magnetic  reluctance  is  the  sum  of  their 
«parate  reluctances  :  e.g.  if  /,  «,  /i,,  /j  a^  /ij,  /,  Wj  /ij,  .  .  .  &c. 
«e  the  respective  lengths,  cross-sections,  and  permeabilities  of 
different  portions  of  a  circuit,  all  traversed  in  succession  by  a 
certain  set  of  lines,  their  total  magnetic  reluctance  r 
+     Rj      -I-     R,      -f  •    •    • 


k 


a,  /I,       rtj  /I,       flj  /*, 

and  the  nugnetomotive  force  or  difference  of  magnetic  potential 
required  to  drive  z  lines  through  these  reluctances  in  series  =2r, 
or  magnetomotive  force 


= magnetic  flow  ( — !—  4- 


_A_  +  _13_  + 
Uj  /ij       aj  fi3 


"3  M3  / 


Next,  if  at  any  point  in  their  path  a  group  of  lines  separate 
and  follow  different  paths  or  sections  of  the  total  area  of  their 
magnetic  circuit,  the  law  which  they  obey  is  exactly  analogous  to 
the  law  of  electric  circuits  in  parallel,  viz.  that  the  number  of 
lioea  flowing  through  any  section  of  the  magnetic  circu'iv.  \s  \.Vv(t 
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quotient  of  the  difference  of  magnetic  potential  between  opp 
ends  of  the  section,  and  the  magnetic  reluctance  of  the  scctioni 
thence  it  also  follows  that  when  there  are  several  paths  for 
lines  between  two  points  between  which  a  difference  of  magne 
potential  exists,  the  total  flow  of  lines  is  divided  between  tin 
several  paths  directly  as  their  magnetic  conductivities,  or  invers 
as  their  magnetic  reluctances,  as  determined  by  the  respecti' 
lengths,  cross-section,  and  permeabilities  of  the  different  jxiths. 


tit 


Hfm 


#% 


To  illustrate  these  laws  let  us  group  our  amplrc-turns  entire 
on  one  side  of  a  closed  iron  ring  composed  of  a  curved  clectr 
magnet  and  an  armature  or  keeper  A  (fig.   12,  I);  the  arrangd 
ment  may  be  likened  to  a  battery,  shown  at  its  side,  of  which  tdA 
cell  represents  a  current  loop,  and  the  ends  of  which  are  joina 
by  a  stout  piece  of  copper  wire  R, :  there  is  a  uniform  rise 
magnetic  potential  as  we  pass  through  the  loops  from  south  to  nor 
^ilOlUogous  to  the  rise  of  electric  potential  through  the  cells  of  t^ 
r,  and  since  the  ends  between  which  thfre  is  n  differeae 
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potential  are  joined  so  as  to  form  a  closed  circuit,  there  is  a  flow 
of  lines  or  of  current  round  the  circuit  which  within  the  magnetic 
or  electric  battery  is  from  the  —  or  S.  end  to  the  +  or  N.  end,  but 
without  is  from  the  +  or  N.  end  to  the  —  or  S.  end.  But  at  this 
point  there  enters  a  very  important  difference  :  there  are  no 
insulators  for  magnetism,  similar  to  the  substances  which  are 
insulators  for  electric  currents  ;  consequently,  if  between  any  two 
points  there  exists  a  difference  of  magnetic  potential,  there  will  be 
a  flow  of  lines  along  any  path  between  those  two  points  propor- 
tional to  the  magnetic  potential  divided  by  the  magnetic  reluc- 
tance of  the  path,  whether  it  be  composed  of  air,  iron,  brass,  or 
any  other  substance.  The  lines  of  induction  will  therefore 
not  be  confined  entirely  to  the  iron,  as  they  were  in  our  first 
case,  but  will  pass  across  from  the  N.  end  to  the  S.  end  through 
the  air,  as  well  as  through  the  iron  of  the  keeper.  Air,  gun-metal, 
brass,  or  manganese  bronze,  &;c.,  are  often  spoken  of  and  used  as 
magnetic  insulators,  but  it  must  be  remembered  tiiat  they  are  so 
only  in  a  comparative  degree  ;  at  the  best  their  conductivity  to 
nugnetic  lines  is  only  some  thousand  times  less  than  that  of  iron, 
and  at  the  worst  this  difference  may  sink  to  less  than  one  hundred 
times. 

But,  more  than  this,  lines  of  induction  will  flow  across  the  air 
between  any  points  between  which  there  exists  a  difference  of 
magnetic  potential  ;  consequently  there  will  be  a  flow  from,  e.g. 
*  to  a,  since  ^  is  at  a  higher  magnetic  potential  than  a,  i.e.  from 
one  portion  of  the  magnet  to  the  other,  and  such  flow  will 
increase  as  we  pass  away  from  the  centre  of  the  magnet  towards 
its  ends.  If,  therefore,  we  wish  to  keep  up  the  analogy  between 
the  electromagnet  and  the  battery,  we  might  regard  the  latter  as 
immersed  in  a  conducting  liquid  or  electrolyte,  through  which 
cutrents  may  flow  across  even  from  one  cell  of  the  battery  to 
another  in  addition  to  the  external  current  through  the  wire  join- 
ing the  terminals.  Such  currents  would  be  a  leakage  as  far  as 
usefiil  current  in  R,  is  concerned,  and  in  the  same  way  the  lines  of 
induction  in  the  air  of  fig.  1 2, 1,  and  in  similar  cases,  are  frequently 
spoken  of  as  magnetic  leakage,  stray  lines,  or  waste  field  ;  but  it 
onst  be  remembered  that  such  a  point  of  view  implies  that  only 
liaes  passing  through  the  keeper  or  armature  are  useful  arnd  dc^u- 
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able.    The  whole  illustrates  the  fact  that  two  or  more 
paths  can  be  joined  together '  in  parallel '  to  form  a  comp 
magnetic  circuit.     And   this  leads  us  to  a  second  point 
deserves  our  attention  :  it  is  that,  owing  to  the  non-cxistene 
magnetic  insulators,  it   is  often  impossible  to  define  the 
limits  of  the  magnetic  circuit  or  the  various  paths  followed  hj 
lines,  and  consequently  the  equation  of  the  magnetic  circuit 
demands  a  knowledge  of  the  exact  length,  area,  and  permeah 
of  the  different  portions  of  the  magnetic  circuit  only  admits  i 
ajiproximately   accurate  application.     In   the   case   of   the 
circular  core,  with  loops  uniformly  and  closely  distributed 
the  whole  ring,  upon  which  our  fundamental  equation  was  ba 
there  is  no  doubt  about  the  dimensions  of  the  magnetic  ciJ 
and  its  permeability  ;  all  the  lines  are  confined  entirely  to] 
iron,  and  the  number  flowing  through  any  section  across 
identical  ;  there  is,  in  fact,  no  external  magnetism  and  no  '  t 
age '  of  lines  out  of  the  loops  and  across  the  air.    The  re 
that  all  points  of  the  ring  are  at  the  same  magnetic  potential,  i 
the  magnetomotive  force  supplied  by  the  loops  over  any  leng 
only  just  sufficient  to  propel  the  total  number  of  lines  thr 
that  length  ;  it  may  be  likened  to  a  closed  loop  of  wire  roun 
which  an  E.M.F.  is  generated,  this  E.M.F.  being  uniformly  divj 
tributed  along  the  length  of  the  wire  ;  a  current  flows,  but  aO| 
points  of  the  loop  are  at  the  same  potential,  since  the  E.I 
developed  in  any  length  is  just  sufficient  to  drive  the  cu 
through  the  resistance  of  that  length. 

But  now  in  our  new  case  of  an  iron  ring,  in  which  the  win^ 
is  grouped  on  one  side  only,  the  total  magnetic  reluctance  of_ 
circuit  is  a  complex  combination  of  the  internal  reluctance  o( 
magnet  and  the  external  reluctance  of  the  armatiire  ;  for  in  st 
scientific  language  the  armature  of  an  electromagnet  is  all 
closes  its  magnetic  circuit,  whether  air,  or  iron,  or  any  other : 
stance. 

How,  then,  are  we  to  calculate  the  reluctance  of  the  air,  sin 
paths  of  the  lines  through  if  are  so  manifold  and  differ  so  I 
in  their  length  ?    They  flow  not  only  from  the  extreme  er 
across  from  all  points  of  the  magnet,  so  that  the  number  of  i 
curicd  by  the  magnet,  and  tlierefore  their  density  within  thej 


tinually  varying  ;  at  its  centre  they  are  a  maximum,  but 
e  ll^ey  gradually  leak  out  on  all  sides,  especially  towards 
le  ends,  so  that  a  smaller  number  passes  through  the  iron  of 
xe  keeper  than  through  the  magnet.  The  calculation  can  most 
adily  be  performed  by  certain  assumptions  which  are  only  approxi- 
Mtely  true.  We  must  represent  the  whole  by  an  electric  battery 
letween  the  terminals  of  which  there  are  two  paths,  one  of  low 
esistance  and  one  of  high  resistance  r,  (fig.  12,  I),  placed  as  a 
iiunt  to  the  other.  The  second  represents  the  reluctance  of  the 
ir,  which  is  very  high  as  comjiared  with  that  of  the  iron. 

For  the  sake  of  simplicity,  therefore,  the  reluctance  of  the  air  is 
Cgarded  as  being  in  parallel  with  the  reluctance  of  the  keeper,  as 
■  all  the  lines  passed  right  through  the  iron  of  the  magnet  from 
De  end  to  the  other,  and  then  at  its  ends  divided  into  two  groups, 
omc  going  through  the  keeper  and  some  through  the  air,  these 
liter  being  the  leakage  lines,  which  are  thus  supposed  to  issue 
urth  from  and  enter  into  the  magnet  only  at  its  ends.  The  external 
eluctance  is  then  the  joint  reluctance  of  the  two  paths,  afforded 
especiively  by  the  keeper  and  the  air,  and  can  on  this  assumption 
I  ■!  just  like  the  joint  electrical  resistance  of  two  conductors 

i     ^         cl  J  if  Kj,  and  p  represent  the  two  reluctances,  then  when 

'''•f,and 
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placed  in  parallel  their  joint  reluctance  is 

leries  with  the  internal  reluctance  of  the  magnet, 

IMal    reluctance,    therefore,   of   the  entire  magnetic  circuit    is 
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ud  the  total  number  of  lines  produced  by  a  given  number  of 
Mnpbre-tums  encircling  the  circuit  is 

0'47rAT 


Ra.+ 
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R*+/J 
and  /ij  are  the  mean  length, 


Stul  to  -  .  — ,    where  /„  «» 

and  permeability  of  the  iron  of  the  keeper.    The  magnetic 
luciance  of  the  air-paths,  or  p,  can  be  calculated  theoretically 
assigning  a  certain  mean  length  of  path  and  a  cettam  ate^  ol 
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cross- section  to  them  ;  or  we  may  determine  experimentally  tlj 
number  of  lines  flowing  through  the  middle  of  the  magnet  z„ 
the  number  flowing  through  the  keeper,  z,  ;  the  difference  betwe 
the  two,  or  z^  —  z^,  gives  us  ^,  or  the  number  of  lines  which  Ic 
through  the  air. 

On  the   same  assumptions  we   can  also  calculate  the  ton 
number  of  amj)ere-tums  required  in  order  to  produce  a  giv^ 
number  of  useful  lines,  z^,  through  the  iron  of  the  keeper ;  ju 
as  the  product  of  a  current  and  a  resistance  through  which  it  flo 
gives  us  the  number  of  volts  which  must  be  applied  to  the  endsj 
the  resistance  in  order  lo  produce  the  current,  so  the  product  ofi 
number  of  lines  of  induction  and  a  magnetic  reluctance  throu 
which   they  flow  gives   us  the   magnetic  difference  of  potent 
which  must  exist  between  the  ends  of  the  reluctance  in  order  tb 
the  given   number  of   lines   may  flow  through    it.     Hence 
magnetic  difference  of  potential  which  must  exist  between  the  ( 
of  the  armature  in  order  to  drive  z»  lines  through  it  is  z,  x^ 
=-47rAT|.     But  this  is  also  the  magnetic  potential  under  whu 
the  leakage  lines  are  assumed  to  flow  ;  consequently  if  we  divid 
■4jrAT  1  by  p,  the  assumed  reluctance  of  the  air,  the  quotient 
the  number  of  leakage  lines,  which  we  call  t, ;  the  sum  of  z^  and 
s=z,iu  or  the  number  of  lines  flowing  through  the  magnet,  and 
magnetic  potential  required  to  drive  this  larger  number  throu 
the  magnet  is  z„  x  R^=o*4JrATj.     The  total  magnetomotive  foij 
required  is  therefore   •4ir(AT, +AT,)=o'47rAT,    and  thence 
required  ampere-turns  are  obtained  directly. 

Next  let  us  hold  the  keeper  at  a  little  distance  away  from  the" 
magnet,  so  as  to  interpose  in  the  magnetic  circuit  two  equal  air- 
gaps,  one  at  either  end  of  the  keeper,  with  parallel  faces  and 
having  a  certain  definite  length  (fig.  iz,  II). 

At  once  the  tot;il  number  of  lines  of  induction  produced  by  j 
given  numl)er  of  amptre-tums  wound  on  the  magnet  is 
mously  decreased,  owing  to  the  high  resistance  of  the  two  air-] 
The  effect  may  be  repeated  in  the  case  of  the  battery  if  we  int 
pose  at  each  end  of  the  external  portion  of  the  circuit  a  sh 
length  of  wire  having  a  very  high  specific  resistance  but  of 
same  diameter  as  our  original   external   resistance :   these 
reduce  the  current  in  the  cvternal  resistance,  and  the  cur 
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through  R,  will  bear  a  much  larger  proportion  to  the  current 
through  R,  than  formerly,  since  the  two  resistances  r,  and  R, 
have  become  more  nearly  comparable.  In  the  same  way  the 
number  of  lines  through  the  armature  is  greatly  decreased  by  the 
interposition  of  the  two  air-gaps,  but  the  magnetic  reluctance  of 
the  rest  of  the  surrounding  air  remains  the  same  as  before,  and 
the  number  of  lines  therein  may  be  the  same  if  the  magnetic 
diifcrence  of  potential  at  the  poles  of  the  magnet  remains  the 
same ;  the  proportion,  therefore,  which  they  bear  relatively  to 
the  numljcr  in  the  armature  or  to  the  number  in  the  magnet  is 
vcf)'  much  increased.  Before,  almost  all  the  lines  passed  round 
the  magnetic  circuit  entirely  through  iron  ;  now,  a  much  larger  pro- 
portion go  partly  through  the  surrounding  air.  The  two  air-gaps 
are  in  series  with  the  iron  of  the  keeper,  so  that  their  total  reluc- 
tance is  the  sum  of  their  separate  reluctances.    If  we  symbolise  the 

reluctance  of  one  air-gap  by  -i,  and  they  are  both  equal,  their 

2 

total  reluctance  is  r^,  and  the  equations  for  the  nnmber  of 
ampere-turns  or  lines  of  induction  must  be  correspondingly  modi- 
fied. It  might  be  thought  that  it  would  be  easy  to  calculate  R,, 
since  the  exact  length  of  each  air-gap  can  be  measured,  as  also  the 
exact  area  of  the  parallel  faces  of  the  iron  where  the  circuit  is 
divided.  But  here  again  a  caution  is  required ;  the  lines  to  a 
greai  extent  pass  straight  across  from  face  to  face  of  the  gap  in  the 
iron,  but  at  the  edges  they  spread  outwards,  and  so  pass  across  by 
csn-ed  paths,  which  form  a  kind  of  '  fringe,'  gradually  shading  off 
in  density.  Consequently  the  exact  area  and  length  of  their  paths 
i>  not  known,  and  has  to  be  determined  experimentally,  or  an 
aOowance  for  the  fringe  has  to  be  made  theoretically. 

Now  this  last  case  is  the  one  which  bears  most  directly  on  the 
magnetic  circuit  of  the  dynamo.  For  the  production  of  the  E.M.F. 
(rf  the  machine  we  require  a  magnetic  field,  and  this  must  be  in 
air,  $ince  a  system  of  electrical  conductors  has  to  be  moved 
through  it ;  further,  we  require  as  many  lines  as  possible,  within  a 
imall  space,  and  produced  with  a  reasonable  expenditure  of 
decthcal  energy  in  the  coils  through  which  the  magnetising 
CBrrent  flows.  We  must  therefore  have  recourse  to  an  electro 
magnet  with  an  iron  core  m  order  to  produce  the  field.     ¥TOxa 
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our  equation  it  follows  that,  if  we  wish  to  obtain  as  many 
lines  as  possible  round  a  whole  magnetic  circuit  or  through  any 
portion  of  it  with  a  given  exciting  power,  we  must  make  the 
length  of  the  path  under  consideration  as  short  as  possible,  its 
area  large,  and  its  permeability  great  Iron  at  once  presents 
itself  as  the  most  permeable  substance,  and  would  be  used 
throughout  were  it  not  for  the  fact  that  we  cannot  have  a  closed 
magnetic  circuit  entirely  of  iron,  since  there  must  be  one  or  more 
air-gaps  in  it  We  shall,  however,  endeavour  to  minimise  the 
effect  of  these  as  much  as  possible  by  making  their  length  short 
and  their  area  large ;  the  rest  of  the  magnetic  circuit  will  be  as 
short  as  possible,  and  composed  of  iron  of  high  permeability. 
How  these  requirements  are  fulfilled  in  practice  will  appear  in  a 
subsequent  chapter. 
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CHAPTER   IV 


THE  PRODUCTION   OF   AN    E.U.F. 

has  been  stated  in  our  introductory  chapter  that  the  dynamo 
primarily  a  generator  of  an  electric  pressure  or  E.M.F.  acting 
;  certain  definite  points  which  are  the  '  terminals '  of  the  machine, 
le  first  fundamental  equation  upon  which  its  theory  is  based 
Bust  therefore  deal  with  the  origin  and  maintenance  of  its  E.M.F., 
in  other  words,  with  the  '  voltage '  which  forms  one  of  the  two 
ements  of  its  output. 

Let  us  suppose  that  we  have  before  us  a  magnetic  field  I 
ipped  out  by  lines  of  induction,  so  as  to  at  once  exhibit  the 
rection  and  strength  of  the  field  (fig.  1 3) ;  how  it  is  produced 
:  are  not  concerned  here  to  inquire.  In  this  field  let  there  be 
iced  an  electrical  conductor,  such  as  a  straight  piece  of  wire, 
awn  in  section  at  a,  and  let  relative  movement  take  place 
»een  field  and  conductor.  Such  relative  movement,  it  is 
ident,  may  be  divided  into  two  kinds,  according  as  the  conductor 
or  does  not  '  cut '  across  the  lines  of  induction  along  its 
length.  The  field  of  lines  in  fig.  13  may  be  likened  to  a  mass  of 
impalpable  and  invisible  threads  passing  straight  across  from  one 
pole-piece  to  the  other,  somewhat  like  a  brush  thick-set  with 
light  filaments.  Now  between  and  through  these  threads  a 
[le-like  conductor  may  be  passed  in  any  direction  without  in 
t>y  way  disturbing  them  so  long  as  the  direction  of  movement  is 
itoHj-  in  the  plane  which  contains  at  the  same  time  the  length  of 
;  conductor  and  the  direction  of  the  lines,  i.e.  in  our  diagram 
plane  which  contains  the  conductor.  If  the  direction 
«  coincides  with  the  length  of  the  conductor,  then  the 
3nJuct)}(  merely  passes  end-on  tluough  the  lines  of  the  field 
the  direction  of  movmnenl  coincides  with  the  direction  n(  ihc; 


lines,  the  conductor  merely  slides  up  and  down  the  lines  ;  or  rt« 
motion   may   be  compounded  of  both,  partly  endwise  throug 
the  field  and  partly  sliding  along  the  lines  j  in  none  of  these  ca 
is  it  caused  to  intersect  or  traverse  the  lines  by  passing  ath» 
them  or  '  cutting '  them  with  its  length.     On  the  other  hand,  I 
the  direction  of  motion  does  not  fall  wholly  in  that  plane  which 
contains  the  length  of  the  conductor  and  the  direction  of  the 
field — e.g.  let  it  be  in  a  horizontal  plane  as  in  fig.  13 — then  it  will 
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be  seen  that  the  conductor  '  cuts '  the  lines  of  induction 
its  length. 

The  above  description  and  its  pictorial  representation  mig 
seem  to  ascribe  to  the  lines  a  physical  existence,  each  one  bein 
separate  and  distinct  from  every  other,  whereas  we  know  that  the 
magnetic  field  is  in  reality  structure /ess.     Yet,  although 
less,  it  has  one  property  which  is  its  direction,  and  by 
that  property  the  whole  of  the  above  is  true  of  a  conduc 
moved  through  it  ;  no  question  of  the  avoidance  of  the  separati 
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lines  by  the  moving  conductor  is  in  reality  involved,  since  within 
the  limits  considered  the  field  is  everywhere  present.  Owing,  how- 
ever, to  the  field  having  direction,  any  movement  is  divisible  into 
the  two  kinds  descrilx;d  above,  according  to  the  way  in  which  its 
direction  is  related  to  the  direction  of  the  field  and  the  length  of 
the  conductor. 

Now,  in  the  first  case,  if  an  electrometer  be  applied  to  the  ends 
of  the  moving  conductor,  no  difference  of  state  can  be  detected 
in  it  due  to  such  motion  ;  in  fact,  it  is  perfectly  indifferent  whether 
the  magnetic  field  is  surrounding  the  conductor  or  not.  But  let 
the  movement  be  of  the  second  kind  ;  at  once  an  entirely  new 
phenomenon  arises  :  the  electrometer  applied  to  its  ends  shows  a 
difference  of  potential  between  them  during  the  motion,  and  only 
so  long  as  it  lasts  ;  in  other  words,  an  E.M.F.  was  set  up  or 
•induced'  in  the  conductor  along  its  length  in  virtue  of  which 
one  end  of  it  is  raised  to  a  higher  potential  than  the  other.  The 
conductor  may  now  be  appropriately  termed  an  inductor,  and 
there  is  a  tendency  for  electricity  to  flow  from  the  one  end  of  it 
to  the  other ;  if  these  two  ends  are  electrically  joined  so  as  to 

k complete  a  closed  circuit  of  conducting  material,  as  in  fig.  i,  that 
tendency  will  be  called  into  action,  and  a  current  will  flow. 
'  The  dependence  of  the  induction  of  an  E.M.P\  in  all  such 
cases  of  relative  movement  upon  the  '  cutting '  of  the  lines  of  the 
field  may  now  be  expressed  in  general  terms.  In  a  conductor 
surrounded  by  a  magnetic  field,  and  moved  in  any  direction 
relatively  to  it,  take  any  two  points,  a  and  d,  and  consider  the 
portion  of  it  lying  between  those  two  points  as  a  line  which  has 
a  certain  length,  L,  between  the  ends  a,  d.  Let  it  be  moved  in  a 
direction  with  velocity,  v  ;  then  it  is  required  to  find  out 
icr  this  movement  induces  any  E.M.F  along  this  line  (which 
We  will  call  the  line  of  action)  in  virtue  of  which  a  difference  of 
potential  is  set  up  between  a  and  d. 

Upon  a  plane  normal  to  the  direction  of  the  lines  of  the  field 

(vojcct  both  the  line  of  action  and  the  direction  of  movement ; 

Aen  if  these  two  projections  are  inclined  to  each  other  at  any 

angle  other  than  180°  an  E.M.F.  will  be  induced  along  the  line  ' 

Taction  by  movement  in  the  given  direction  ;  if,  however,  they 

^.^4hc  same  straight  line,  there  may   be  E.M.r.'s  induced 
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along  other  lines  of  action  between  other  points,  but  at  least  tr 
is  no  E.M.F.  induced  along  the  line  of  action  a  d  with  which 
are  immediately  concerned.     The  reason  of  this  is  not  far  to  seek  j 
it  is  that  no  lines  of  induction  are  cut  along  the  line  a  D  by  th 
movement  unless  the  two  projections  enclose  some  angle  othe 
than   180°.      In  fig.  14  (3)  let  a  a' and  om  inclined  to  each  othe 
at  the  angle  a  be  respectively  the  projections  of  the  line  of  actioD 
and  the  direction  of  motion  on  a  plane  normal  to  the  direction  of 
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the  field,  and  in  those  lines  let  «</(=/)  and  op  (=r)  be  resp 
lively  the  projections  of  the  length  l  and  velocity  v.  Then  ihe_ 
completed  parallelogram  adgc  is  the  projection  of  the  act 
area  traversed  in  unit  time  on  the  normal  plane,  and  since  it  is 
area  in  that  plane  it  encloses  lines  of  the  field  which  have 
directly  intersected  or  '  cut '  across  by  the  conductor  along 
length  A  D.  Consequently,  since  lines  are  cut  by  the  moveme 
there  is  an  E.M.F.  induced  along  the  line  of  action  L  ik  For  I 
induction  of  an  R.M.F.,  therefore,  tite  line  of  action  must 
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a  certain  broadside  projection  on  a  line  at  right  angles  to  the 
direction  of  the  movement,  as  in  fig.  14  (3),  where  ad'  is  the  pro- 
jection of  fl</ on  a  line  at  right  angles  to  o in.  If  the  direction  of 
motion  is  in  the  plane  which  contains  the  direction  of  the  field 
luid  the  length  of  the  conductor  betw^een  a  d,  no  lines  are  cut  by 
the  movement,  and  therefore  no  E.M.F.  is  induced  along  the  line 
under  consideration,  for  if  the  direction  of  motion  in  this  plane  be 
in  the  same  straight  line  as  the  length  of  conductor,  it  moves  end- 
wise through  the  lines,  and  no  area  is  traversed  ;  while  if  the  direc- 
tion of  motion  be  inclined  to  the  length  of  conductor,  {here  is  an 
actual  area  swept  through  ;  but  the  projection  of  this  on  the 
normal  plane  is  again  a  straight  line,  so  that,  again,  there  is  no 
E.M.F.  induced  along  the  length  a  d. 

The  question  of  whether  any  lines  of  the  field  are  or  are  not 
cut  by  a  given  length  of  conductive  material  when  moved  in  a 
certain  direction  may  not  always  be  easy  to  determine  at  first  sight, 
bat  the  process  of  projection  described  above  affords  an  infallible 
rule  by  which  it  can  always  be  determined.  It  matters  not  what 
the  material  may  be  of  which  the  conductor  is  made  :  whether  it 
be  copper,  or  iron,  or  German  silver,  in  all  alike  an  E.M.F.  is 
•et  up  when  a  conductor  and  a  field  of  magnetic  induction  are  so 
moved  relatively  to  one  another  that  the  conductor  is  caused  to 
'cut'  the  lines  of  induction.  Nor  docs  it  matter  whether  the 
conductor  is  moved  across  the  field,  or  the  lines  of  induction 
acro.ss  the  conductor  by  movement  of  the  magnet  between  whose 
pole-pieces  the  field  exists  ;  or,  finally,  both  field  and  conductor 
may  be  moved  in  opposite  directions.  In  all  cases  where  the 
conductor  cuts  the  lines,  either  by  its  own  movement  or  by  reason 
of  the  moving  magnetic  field,  it  becomes  the  seat  of  an  induced 
E.M.F. 

The  above  is  a  simple  statement  of  one  aspect  of  the  great 
fact  of  electromagnetic  induction  which  was  discovered  by  Faraday 
in  1831,  and  which  has  resulted  within  the  short  space  of  sixty 
years  in  the  present  mar\-ellous  development  of  electrical  engineer- 
ing. There  are  other  aspects  of  the  same  fact,  but  they  do  not 
lend  thejnselves  so  readily  to  the  treatment  of  our  subject,  \iz.  the 
dynamo  ;  and  there  are  also  many  other  important  practical  appli- 
cations of  Faraday's  discovery,  in  especial  the  transformcT  useAow 
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the  alternating  system  of  distribution  of  electricity.  But 
all  these  the  dynamo  is  scjiarated  by  the  requirement  of  our 
definition  that  there  should  be  relative  motion  of  field  and  con- 
ductor, that  is,  an  actual  movement  in  space  of  the  one  or  the 
other,  or  both.  Of  the  reason  why  an  E.M.F.  is  induced  when 
such  movement  causes  the  conductor  to  traverse  the  lines  of  the 
field,  no  more  need  be  said,  since  behind  the  fact  of  such  induc- 
tion the  engineer  in  his  study  of  the  dynamo  seldom  has  occasion 
to  go,  even  if  the  physicist  has  succeeded  by  his  researches  in 
reaching  a  still  more  ultimate  explanation. 

Now  an  E.M.F.,  like  a  mechanical  force,  is  only  completely 
described  when  not  only  its  line  of  action  has  been  given, 
also  its  '  sense '  or  direction  along  that  line,  and  further  its  magn 
tude  or  quantitative  value.  Since,  therefore,  the  altered  state  of 
the  conductor  produced  by  its  cutting  of  the  lines  of  the  field 
consists  in  the  generation  of  an  E.M.F.,  the  complete  law  of  the 
induced  E.M.F.  must  deal  with  these  two  points. 

In  a  conductor  moving  across  a  magnetic  field,  let  us  aga 
take  any  two  points,  a  and  d,  and  consider  that  portion  of  it  lyi 
between  those  two  points  regarded  as  ends  ;  then  under  all  cir 
cumstances  and  in  every  case  the  induced  E.M.F.  generated  along 
the  length  k  d  is  simply  proportional  to  the  rate  at  which  the  lines « 
the  field  are  cut  along  that  length,  and  just  as  before  we  saw  ih 
the  nature  of  the  material  of  which  the  conductor  is  compos 
made  no  difference  to  the  fact  of  the  creation  of  an  E.M.F., ; 
likewise  it  does  not  in  any  way  affect  its  magnitude.  Til 
greater  the  number  of  lines  cut  in  a  given  time,  or  the  short 
the  time  taken  to  cut  a  given  number  of  lines,  the  higher  is  th 
E.M.F. 

In  the  case  of  any  phenomenon  which  can  be  expressed  as  i~ 
'rate,'  «./,'.  velocity  as  a  rate  of  motion,  a  distinction  must  be 
made,  if  the  rate  be  variable,  between  its  average  and  instantaneom 
values  ;  and  such  a  distinction  applies  to  the  case  of  an  E.M.F.,* 
since  its  magnitude  is  dependent  on  the  rate  at  which  the  lines 
of  the  field  are  cut.    The  average  rate  of  cutting  to  which  ti 
average  value  of  the  E.M.F.  is  proportional  is  the  ratio  of 
number  of  lines  cut  in  any  time  to  the  time  taken  to  cut  them ;  i 
symbols,  if  z  is  the  total  number  of  lines  rut  by  the  length 


THE  PRODUCTION  OF  AN  E.M.F. 


conductor  under  consideration  in  time  /,  the  average  E.M.F. 
induced  between  the  ends  of  that  length  is 

E  (average)  <x  -. 

But  the  actual  rate  of  cutting  at  any  instant  may  vary  to  any 
degree  on  either  side  of  the  average  value  ;  at  one  moment  it  may 
be  greater,  at  the  next  less,  or  it  may  vary  continuously  and 
tegtilarly.  Hence,  to  approximate  to  the  actual  rate  of  cutting 
when  this  is  variable  we  must  take  the  number  of  lines  cut  in  a 
short  space  of  time  and  divide  them  by  that  small  time.  The 
smaller  this  period  of  lime  is,  the  more  accurately  the  rate  of  cut- 
ting is  obtained,  and  to  be  completely  accurate,  the  actual  rate  of 
cutting  at  any  itisLint  is  the  infinitely  small  number  of  lines  then 
being  cut  divided  by  the  infinitely  small  time  in  which  they  are 
cut  ;  or,  in  the  language  of  the  differential  calculus,  the  actual 
E.M.F.  induced  at  any  moment  is 

£  (instantaneous)  oc  -=  . 

So  far  the  induced  E.M.F,  has  only  been  spoken  of  as  propor- 
tional to  the  rate  of  cutting  of  lines,  or  e=A  -,  where  A  is  some 

constant  whose  value  depends  on  the  system  of  units  according 
10  which  the  field  is  mapped  out  in  lines  and  time  is  reckoned. 
On  the  C.G.S.  absolute  system  A  is  unity,  the  system  being  so 
siranged  that  one  line  cut  per  second  generates  the  absolute  unit 
of  electromotive  force ;  but  this  unit  being  inconveniently  small, 
the  practical  unit  of  the '  volt '  is  one  hundred  million  times  greater, 
and  consequently  100,000,000  C.G.S.  lines  cut  per  second  pro- 
duces one  volt.  If,  therefore,  z  be  reckoned  in  C.G.S.  lines,  and/ 
in  seconds,  and  E  is  to  be  measured,  as  is  usual,  in  volts,  A=io  ", 

or  B  (avcragc)=  ?  •  — .     The  C.G.S.  unit  line  is  therefore  as 
t      10* 

inconveniently  small  as  the  absolute  unit  of  E.M.F.,  and  it 

tias  been  proposed  to  adopt  as  the  practical  unit  of  induction  a 

line  which  shall  be  the  equivalent  of  lo"  C.G.S.  lines,  the  result 

being  to  eliminate  the  constant  10"  from  the  fundameivuV  e(\\i3L- 
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tion.'     In   the   following   pages,  however,  C.G.S.    lines   will 
adhered  lo,  the  divisor  lo"  being  sometimes  omitted  where  sue 
omission  can  easily  be  made  good  by  the  reader. 

Now  the  number  of  lines  cut  in  any  time  is  a  question  ot  the 
virtual  area  swept  through  by  the  moving  inductor,  when  its  lengt] 
and  its  path  are  projected  on  to  a  plane  perpendicular  to  tl 
direction  of  the  lines  of  the  field,  and  of  the  density  of  lin^ 
within  that  area. 

Take  the  simplest  case  of  a  straight  inductor  moved  parallel 
itself  across  the  lines  of  a  uniform  field.     First  let  the  plane  coij 
taining  the  length  of  the  inductor  and  the  direction  of  motion 
at  right  angles  to  the  direction  of  the  field,  and  let  the  direction  i 
motion   in   that  plane  be  at  right  angles  to  the  length  of  tb 
inductor.      Such  a  case  is  represented  in  fig.  13,  where  the  fie 
has  a  vertical  direction,  the  inductor  a  d  is  horizontal,  and  is  mov 
in  a  horizontal  plane,  its  direction  of  movement  being  at  righ 
angles  to  itself 

Then,  under  these  circumstances,  its  length  and  path 
already  in  a  plane  normal  to  the  direction  of  the  field,  and 
process  of  projection  is  required,  the  virtual  area  to  be  obtaine 
by  projection  being  identical  with  the  actual  area  swept  throug 
by  the  inductor  in  any  time  ;  if  L  is  the  inductor's  length  whic 
is  actively   traversing   the    lines,   and  v   its   velocity,   the 
traversed    in    unit    time    is   lv=aa'd'd  ;  and  if  b  equal    the 
number  of  lines  per  unit  area,  the  number  cut  in  unit  time 
ULV.      Hence,  on  the  C.G.S  system,  the  value  of  the  E.M.i 
induced  in  the  inductor  along  its  length  ad  is 

E  =  BLV, 

where  l,  v,  and  a  are  respectively  in  centimetres,  centimetre^ 
second,  and  C.G.S.  lines  per  square  centimetre. 

The  '  sense '  or  direction  in  which  the  E.M.F.  acts  along 


■  For  practical  reasons,  especially  connected  with  the  design  of  dysanid 
Mr.  Kapp  has  introduced  an  extremely  convenient  unit  line  e<lual  to  6,0 
C.G.S.  lines  ;  if,  therefore,  lime  be  reckoned  in  minutes,  and  z  be  the  numb 


o((Kjipp)  lines  cut  in  /  minutes,  a  (volu)' 
lines  cot  per  minute  indures  on  EL  M.  F.  of  1  volt. 


lO'*,  or   on«   million 
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length  A  D  is  in  our  case  away  from  the  observer,  so  that  the  end 
A  is  at  a  higher  potential  than  the  end  d  ;  and  if  the  two  ends 
were  joined  by  a  wire,  a  current  would  flow  through  the  inductor 
in  the  direction  shown  by  the  arrow. 

In  this,  the  simplest  case  of  electromagnetic  induction,  it  will 
be  seen  tliat  the  directions  of  the  field,  of  the  length  of  inductor, 
and  of  the  movement  are  all  at  right  angles  to  each  other,  and 
form  co-ordinate  axes,  as  indicated  in  perspective  in  fig.  15  ; 
ftirther,  the  direction  of  the  induced  E.M.F.  is  most  easily  re- 
membered and  discovered  by  means  of  the  following  rule.  Place 
the  right  hand  outstretched  in  the  line  of  the  inductor,  so  that 
the  thumb  points  up  along  the  direction  of  the  field,  i.e.  towards 
the  S.  pole,  and  further  so  that  when  relative  movement  takes 
place  the  lines  of  induction  pass  across  the  hand  from  the  palm 

FiAL 


inductor 

Fig.  t5. 

to  the  back  ;  then  the  induced  E.M.F.  is  directed  from  the  wrist 
to  the  lips  of  the  fingers  (as  shown  in  fig.  15).  It  will  be  found 
th  ling  to  this  rule,  if  it  is  the  inductor  which  is  moved 

v:  icld  is  stationary  the  palm  of  the  hand  must  face  in  the 

direction  towards  which  the  movement  is  made,  as  in  the  case 
illustrated  ;  but  the  direction  of  the  E.M.F.  would  be  exactly  the 
same  if  the  field  were  moved  across  the  inductor  in  the  opposite 
din«:tion,  the  inductor  itself  remaining  stationary,  in  which  case  it 
ia  the  back  of  the  hand  which  must  face  in  the  direction  of  move- 
ment. Or,  again,  both  field  and  induction  may  be  moved  in 
opposite  directions  ;  but  in  all  cases  the  lines  of  induction  must 
1^  ihc  movement  traverse  the  right  hand  from  the  palm  to  the 
inck,  if  we  wish  to  discover  the  direction  of  the  E.M.F.  by  the 
above  rule. 

Let  us  next  suppose  that  the  ihttt  directions  oC  fic\d,  \i\Awc\ot» 
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and  woganeat  se  act  aO  inclined  at  right  angles  to  eadi  i 
It  viD  vrm  be  l>f^^»■■^fly  to  project  the  latter  two  on  to  the  | 
at  Q^  ai^es  to  the  directioo  of  the  fidd,  and  first  let  i 
jectaoBt  of  the  ki^  of  indoctor  and  the  vekxitj  with  which  i 
amvd  on  the  aonal  plane,  L^  /  and  V.  not  be  at  right  i 
each  odMC,  hot  mdioed  to  eadi  other  at  anj  angle,  o, 
^  14  (3).    Then,  as  was  sboiwn  before,  the  virtiul  area  tnv 
OB  the  intrnrl  plane  in  imit  time  is  the  area  of  the  | 
•  igtatmi  .n.     Bm  «/=/  sin  ■,  or  the  projection  of , 
line  at  tjgjfat  angles  to  fs.    ThoeCore  the  area  of  the  paial 


ac/  fin  ■ .  r,  and  if  B  eqnal  the  namber  of  lines  per  onit  i 
endoaet  a .  /  an  a .  r  lines.     HetKse  the  rate  of  cottii^,  I 
mimbcr  of  lines  cm  in  unit  time,  is  also  B./ sin  a.  p.     And  to  I 
the  E.M.F.  indactd  along  /  is  proportiooa],  or 
E^B  .  /  sin  a  .  P. 

Again,  by  the  role  of  the  right  hand,  when  laid  outstretc 
along  the  projected  length  of  the  inductor,  so  that  the  proje 
path  of  movement  by  which  the  lines  traverse  the  hand  is 
the  palm  of  the  hand  across  to  the  back,  it  will  be  seen  that 
E.lbLF.  is  directed  £roro  the  wrist  lo  the  tips  of  the  fingers. 
this  more  genetal  case  it  follows  that  when  a  is  any  other  anj 
90*  tlte  area  of  the  parallelogram  adge  must  necessarily  be  sc 
than  the  area  of  the  rectangle  /. »,  which  would  be  traversed  if  J 
two  projections  were  at  right  angles  to  each  other,  and  this  in[ 
pro|)ortion  of  sin  a  to  i  ;  while  if  0=0°  or  iSo"  no  lines  are  ( 
and  therefore,  as  required  by  previous  sutements,  no  E.M.I 
generated  along  the  length  /. 

Next  let  ;3  =  the  angle  at  which  the  direction  of  moveme 
dined  to  the  direction  of  the  field  (fig.  14  (i) ). 

can  be  resolved  into  two  components,  v  sin  ^,  in  a  p^ 
the  field,  and  v  cos  /3  in  a  pbne  parallel  to  • 
In  virtue  of  the  latter  or  vertical  compel  1 
I  the  inductor  only  slides  along  the  lines,  and  has  no  E.B 
it ;  but  V  »in  fi  is  the  projection  of  the  actual  veli 
riiootal  plane,  and  therefore  may  be  substituted 
previous  equation ;  or 

E  =  n  .  /  s\n  a  .  N  s\',\  yi. 
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Lastly,  let  y  =  the  angle  at  which  the  length  of  the  inductor  is 
inclined  to  the  direction  of  the  field  (fig.  14  (2)  ).     Then  the  pro- 
lion  of  its  length  on  the  normal  plane  is  /  =  l  sin  -y,  and 

re  E  =  BL  sin  y  sin  a  v  sin  y8. 
Wc  can  now  formulate  the  complete  law  of  the  induction  of  an 
E.M.F.  in  a  rectilinear  inductor  when  its  movement  through  a 
magnetic  field  is  one  of  simple  translation.  Let  the  length  l  of 
the  inductor  be  inclined  at  any  angle,  y,  to  the  direction  of  the 
field  ;  then  the  projection  of  its  length  on  a  plane  normal  to  the 
t  n  of  the  field  is  i.  sin  y.     Next  let  the  direction  of  motion 

I  _  med  at  any  angle,  y3,  to  the  direction  of  the  field  ;  then  the 
M  projection  of  its  velocity  on  the  same  plane  is  v  sin  ^.  Lastly, 
M  let  these  two  projections  of  length  and  velocity  be  inclined  to 
\  I  "ich  other  at  any  angle,  a ;  then  the  virtual  area  traversed 
I  '  on  the  normal  plane  in  unit  time  is  l  sin  y  v  sin  ^  sin  a  ;  the 
number  of  lines  cut  per  second  is  blv  sin  a  sin  ^  sin  y,  and  the 
induced  E.M.F.,  or  rate  of  cutting,  is  e  =  blv  sin  a  sin  /3  sin  y. 
direction  of  this  E.M.F.  along  the  line  of  action  is  shown  by 
ilylng  the  formula  of  the  right  hand  to  the  projections  in  the 
normal  plane. 

When  the  angles  o,  y3,  and  y  are  all  right  angles,  the  action  is 

evidently  most  direct,  and  reaches  a  maximum  value  for  a  given 

length  of  inductor,  velocity,  and  density  of  lines  ;  hence  the  simple 

cue  in   which   these   directions   formed  co-ordinate   axes,  with 

vbich  wc  started,  is  also  the  case  which  we  should  aim  to  rcpro- 

n  the  dynamo  wherein  a  voltage  has  to  be  set  up.     For 

,  • ..-,  in  fig.  14  the  best  direction  of  movement  would  be  along 

Uie  line  shown  dotted  at  o  m  in  a  horizontal  plane  ;  if  so  moved 

the  case  becomes  identical  with  that  shown  in  fig.  13.     It  might 

ap(icar  that  iheculting  action  would  be  greater  if  the  direction  of 

nun'cment   were  kept    unchanged  along  the  line  o  w,  and  the 

inductor  were  rotated  into  a  position  at  right  angles  to  o  m.     But 

any  such  supjwsed  advantage  is  purely  imaginary,  and  suggested 

'    liy  the  representation  of  the  lines  as  dots  on  the  plan.     It 

.:  remembered  that  the  field  is  in  reality  structureless,  as  is 

^wn  by  the  fact  that  in  the  end  elevation  from  m  the  lines 

j|i{M;ar  at  equal  distances  just  as  in  the  side  elevation  from  \ ,  and 

t 
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sokxigas  the  direcdoR  of  movement  is  at  right  angles  to  the 
of  the  inductor,  and  both  are  in  a  plane  noimal  to  the  din 
of  the  field,  it  is  a  matter  of  indiffsrence  what  is  the 
direction  of  movement  in  that  plane.  Further,  when  this 
case,  it  will  be  found,  not  only  that  the  E.M.F.  is  a  maji 
along  the  length  of  the  inductor,  but  also  that,  whatever 
shape  or  size,  there  is  no  other  line  of  action  along  whi 
E.M.F.  is  induced,  csoept  the  direction  of  its  length.  It  is 
said  that  the  direction  of  the  induced  E.M.F.  is  at  right  an] 
the  field  and  to  the  direction  of  movement ;  but  this  is  on 
particular  case  of  the  line  of  greatest  action,  and  tliere  n) 
several  directions  in  an  inductor  in  which  E.M.F. 's  are  in( 
and  several  different  values  for  these  E.M.F. 's.  This  is  due 
fact  that  an  inductor  in  nature  must  necessarily  have  a  o 
width  ;  the  effect  of  this  has  been  so  far  left  out  of  sight,  ar 
line  of  action  considered  has  been  simply  the  length  o 
inductor.  We  are,  however,  already  provided  with  a  gu 
our  fundamental  statement  of  the  law  of  electromagnet 

duction,  and  by  it 
case  of  an  inductor  t 
width  has  now  tu  b4 
sidcred. 

In  fig.  1 6  let  Kvt 
inductor  of  width  w,  ii 
in  a  horizontal  plane 
a  vertical  field  :  in  or 
find  out  what  E.M. 
any,  is  acting  belwe( 
points  a  d,  we  have 
to  take  a  thin  lamina  of  its  substance  joining  those  two  poin 
treat  it  as  an  inductor  of  infinitely  small  width,  just  as  the  in< 
of  previous  diagrams  was  treated.  Its  length  is  w,  and  it  cq 
lines  of  the  field  along  its  length  at  a  rate  of  n  v  w  sin  o  lin 
second,  for  the  area  which  such  a  thin  lamina  traverses  i] 
lime  is  adg€  =  v.ati=  v  w  sin  a.  Hence  in  any  ini 
having  width  whose  direction  of  motion  is  not  at  right 
to  >u  IciigUi,  ilietc  is  an  K.M.F.  set  up  across  it  from 


Flc.  i6. 
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side,  so  that  if  the  two  points  a  and  d  were  joined  by  a  wire,  a 
current  would  flow  across  it. 

Again,  when  the  inductor  has  width,  as  A  D  in  fig.  14,  and  it 
is  required  to  find  the  E.M.F.  acting  between  its  two  ends  a  and  d, 
in  stnctness  it  would  be  necessar)'  to  mentally  divide  it  along  its  . 
length  into  a  number  of  very  thin  laminae  lying  side  by  side  ;  the 
area  trarersed  by  any  of  these  would  in  any  time  be  equal,  since 
they  move  with  equal  velocity  in  the  same  direction,  and  there- 
fore with  a  field  of  uniform  density  the  E.M.F.  induced  along 
each  would  be  equal,  and  they  may  all  be  regarded  as  in  parallel. 
But  if  the  one  edge  of  the  whole  inductor  were  moving  in  a  field 
of  different  density,  as  in  fig.  17,  where 
a  ^  is  moving  in  a  stronger  field  than 
cd,lhaa.a  ^  will  induce  a  greater  E.M.F. 
than  ed.  Consequently,  unless  the  thin 
laminae  are  electrically  separated  by 
some  insulating  material,  a  current  will 
flow  round  the  inductor  as  a  whole 
in  the  direction  shown  by  arrows. 
The  importance  of  this  in  the  manu- 
Cicture  of  dynamos  will  be  seen  subse- 
quently. 

To  determine  the  value  of  the 
E.M.F.  induced  by  movement  through 
a  field  of  varying  density,  it  is  neces- 
sary to  consider  an  area  swept  over  by 
the  inductor  so  small  that  the  density  of  lines  may  be  taken  as 
laving  a  uniform  value  over  it ;  and  m  the  same  way,  if  the  velocity 
of  movement  varies,  so  small  a  period  of  time  must  be  considered 
that  it  may  be  treated  as  sensibly  constant  throughout  it. 

Up  to  this  point  the  active  portion  of  the  inductor  has  been 
usually  regarded  as  straight,  although  this  is  not  essential,  and  in 
fcct  it  may  have  any  shape  ;  for  example,  suppose  that  it  be  bent 
up  into  a  cur\'e  in  a  vertical  plane,  as  in  fig.  18,  the  field  being 
vertical  -,  then  the  projection  of  the  actual  length  on  a  horizontal 
plane  will  be  a  straight  line.  Whenever  this  is  the  case  the  E.M.F. 
induced  per  unit  length  along  its  projection  is  equal  throughout 
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all  portions  of  that  length,  and  thence  by  transference  to  the 
actual  length  of  the  bent  inductor  we  can  discover  the  rate  of 
production  of  E.M.F.  along  its  actual  length.     For  insUnce,  ia 
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fig.  18  the  E.M.F.  induced  in  each  inch  of  the  projected  leng 
a  ^  is  equal,  but  along  the  actual  length  a  d,  an  inch  length] 
more  active  in  the  middle  of  it  than  at  either  end.     If  the  leng 

of  the  inductor  be  crooked  | 
curved  in  a  horizontal  pli 
this    merely  complicates 
question  of  die   virtual 
swept  through  as  projected  1 
that  plane.     For  example, 
tig.  19,  if  the  bent  induc^ 
there  shown  be  moved  paral 
to  itself  across  the  field, 
virtual    area    traversed   is 
once    found    by    multiply 
the   velocity   by   the   straij 
line  /  joining  its  ends  \  ad 
D,  and  /  may  be  regarded  as  its  virtual  cutting  length,  along  whij 
the  E.M.F.  is  unifonnly  induced.     But  if,  At  the  same  time  as  it 
moved  along,  the  inductor  be  twisted  about  itself  through  an  and 
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Off  90',  at  the  end  of  its  path,  the  projection  of  its  length  1.  will  be 
/,  and  consequently  the  area  traversed  is  the  area  of  the  irregular 
fi^re  A  L  D  d'  /  a'  ;  since  this  is  greater  than  the  area  of  the  figure 
f  s,  tlie  average  E.M.F.  induced  during  the  movement 
•:  correspondingly  greater. 
TTie  first  fundamental  equation  of  the  dynamo  which  deals 
with  its  rollage  has   now   been   determined,  and   may   be  con- 
veniently brought  to  mind  by  the  equation  of  the  C.G.S.  system, 
which  gives  the  E.M.F.  in  volts,  or 


E  =  -  xio" 


(I) 


with  its  special  form 


E=  BLVX  10~'  . 


.     .(!«). 


By  means  of  these  equations,  and  the  methods  by  which  they 
Br  "I,  any  case,  however  complicated,  of  E.M.F.  set  up  in 

cu:  -  by  movement  m  a  magnetic  field  may  be  solved  ;  the 

inductors  may  be  crooked  or  straight,  moving;  with  variable   or 
nnifonu  velocity  in  a  field  of  uniform  or  variable  strength  ;  they 
may,  too,  be  portions  or  not  of  a  complete  closed  circuit  and  con- 
veying currents  or  not  ;  all  that  is  necessary  is  to  resolve  each 
case  into  its  elements  to  which   our   primary   equations  can  be 
applied.     For  example,  in  the  case  of  a  complicated  closed  circuit 
h  must  be  mentally  split  up  into  small  elemental  portions,  and 
daen  for  es-ery  small  portion  we  have  only  to  determine  what  is 
its  rate  of  cutting  across  lines  ;  for  this  is  at  once  the  E.M.F.  set 
np  in  that  portion  due  to  its  movement.     The  E.M.P\  may  be 
Biding  a  current  or  it  may  be  opposing  it ;  stiJl  there  is  that  E.M.F. 
Beneiaited  in  that  element  of  the  circuit  under  consideration.   Then 
samming  up  all  these  E.M.F. 's  throughout  the  whole  of  the 
it,  we  arrive  at  the  resulunt  E.M.F.  acting  throughout  the 
I  circuit.    In  so  doing,  however,  two  rules  must  be  invariably 
we  must  jiay  attention  to  the  direction  of  these  E.M.F.'s 
-taag  the  length  of  the  inductor,  and  if  we  fix  upon  a  certain 
dirtction  round  the  circuit  as  positive,  i.e.  the  direction  in  which 
die  current  round  it  is  flowing,  then  all  E.M.F.'s  in  that  direction 
be  considered  as  -f  or  positive,  and  all  in  the  opposite  direc- 
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lion  as  —  or  negative,  and  we  must  add  together  the  E.M.Fj 
algebraically,  with  due  regard  to  their  signs  ;  secondly,  we  ro: 
-onsider  whether  any  or  all  of  the  inductors  into  which  we  h; 
divided  the  conducting  circuit  are  in  parallel,  since  then 
potential  difiercnce  existing  at  the  ends  of  any  one  is  also  the 
potential  difference  between  the  ends  of  all  alike  ;  and  althoi 
the  internal  E.M.F.  in  one   or   more  may  be  higher  than  t! 
induced  in  the  others,  yet  so  far  as  the  supply  of  current  to 
rest  of  the  circuit  is  concerned,  it  is  only  this  potential  differe; 
which  is  effective. 

In  order  to  illustrate  the  application  of  the  above  laws,  let  us 
consider  the  case  of  a  four-sided  loop  moved  horizontally  in  a 
direction  at  right  angles  to  two  of  its  opposite  sides,  across  a 

uniform  magnetic  field,  the 
direction  of  which  is  vertical 
(fig.  20).  The  two  sides  a 
(  d  will  act  as  inductors,  wh; 
in  the  two  ends  be,  ad,  which 
are  parallel  to  the  direction  of 
motion,  no  E.M.F.  is  gene- 
rated, since  they  do  not  cut 
any  lines.  \n  ab  and  c  d, 
induced  E.M.F.'s  act  m 
same  direction  as  viewed  by 
an  observer  at  either  end,  and 
are  of  the  same  value,  sini 
the  lines  are  cut  by  each 
the  same  rate.  But  the  l 
E.M.F.'s  oppose  each  other  round  the  loop,  and  consequent] 
if  the  circuit  be  completed  from  a  to  d,  they  will  exactly  neutr 
each  other,  and  no  current  will  flow  round  the  loop. 

But  now  let  us  move  the  same  loop  in  the  same  way  in  a  fiel 
of  varying  intensity  (fig.  21);  then  the  E.M.F.  in  ab  or  k  wili 
be  greater  than  that  mc  d  or  e,  and  therefore  the  resultant  E.M.! 
acting  round  the  loop  as  a  whole  is  E— *,  which  is  proportional  I 
the  difference  in  the  number  of  lines  cut  in  unit  time  hy  abi 
cd,e  being  a  back  E.M.F.  opposing  the  direction  of  the  currer 
which  would  flow  on  closing  the  side  a  d.    If  we  make  <  dxm 
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in  a  field  the  direction  of  which'is  the  reverse  of  that  through 
which  af>  \%  moved  (as  will  be  the  case  if  in  fig.  ai  we  move  the 
loop  onwards,   so  that  the  right-hand  side  enters  the  opposite 
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6dd,  shown  on  the  plan  by  crosses),  the  two  E.M.F. 's,  though  in 
opposite  directions,  as  viewed  by  an  observer  at  either  end,  will 
assist  each  other  round  the  loop  ;    in  other  words,  the  two  in- 
ductors are  in  series,  and  their 
total  E.M.F.  is  the  sum  of  the 
two  E.M.F.'s,  or  E+e. 

Next  let  us  join  a  and  d, 

and    move    the  closed    loop 

through  the  same  field  as  in 

fig.    20,  while    we   apply   an 

external    circuit    to   the   ends 

h  I,  a  d  (fig.    22)  :    the  two 
_£M.F.'s        which         before 
each    other     now 
to     send     a     current 

Ihraugh  tlie  external  circuit, 

t«t    being     in     parallel,    the 

\aui\  E.M.F.  acting  is  that  of  either  of  them.    The  arrangement, 

Ihcrcfoic,  does  not  add  to  the  voltage,  but  simply  doubles  the 
that  can  be    carried  without  damage  resulting  to  the 
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inductors  owing  to  the  heat  generated  by  the  passage  of  the 
current. 

Lastly,  let.us  rotate  the  loop  about  an  axis  passing  horizoil 
tally  through  its  centre  (fig.  23).     Now  in  this  case  the  two  side 
a /land  cd,  again  act  as  inductors,  whi) 
the  ends  are  inactive  ;  since  the  two  in 
ductors   at   any  moment  are  cutting 
lines  of  the  same  field  in  opposite  dire 
tions,  their   E.M.F.'s  assist    each    othe 
round  the  loop,  so  that  the  total  E.M.I 
is  the  sum  of  the  two  ;  and  if  the  Ic 
is  closed  either  immediately  or  by  thi 
interposition  of  an  external  circuit  in  <i<4i 
a  current  will  flow,  due"to  this  total  E.M. 

This  last  case  leads  us  again  to 
important    distinction,   which    has 
before  noted,  between   the   average  an 
instantaneous  values  of  the  E.M.F. 
the  number  of  lines  which  are  being  cut 
at  any  instant  is  the  same  throughout ; 
period    of   time,    then  for  so    long 
E.M.F.  is  constant,  and  the  average   and   instantaneous  valu 
coincide.     Such  a  constant  E.M.F,  may  be  due  to  moveme 
with  uniform  velocity  through  a  uniform  field,  or  to  moveme 
with  varying  velocity  through  a  field   of  varying   intensity, 
two  varying  inversely  ;   in  either  case  the  rale  of  cutting  lit 
is  constant.      But    if   the   rate   of  cutting   varies,   either   fn 
movement    with   varying   velocity   through  a    uniform    field, 
from  movement  through  a  field  whose  varying  intensity  is 
counterbalanced    by  an    inversely    varjing    velocity,    then 
instantaneous  value  of  E.M.F.  may  differ  greatly  from  the  aver 
value,  since  at  any  moment  it  corresjionds  to  the  actual  ratej 
cutting  at    that   instant.     The  average  value    for    any    git 
movement  of  an   inductor  is  always   proportional  to    the  ta 
number  of  lines  cut,  divided  by  the  time  taken  to  cut  the 
but  when  the  rate  of  cutting  is  variable,  the  whole  conditions 
the  case  can  best  be  represented  graphically  by  means  of  a  1 
irj  which  simultaneous  values  of  E.M.F.  and  time  are  ploti 
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intervals  of  time  being  represented  by  abscissa;  or  lengths 
measured  along  the  horizontal  axis,  and  corresponding  values  of 
the  E.M.F.  by  vertical  ordinates.  For  example,  in  fig.  24  let  the 
vertical  lines  represent  a  uniform  magnetic  field  across  which  a 
straight  inductor,  shown  in  section  at  a,  is  moved  parallel  to 
Usdf  with  uniform  velocity ;  then  the  curve  of  E.M.F".  due 
to  motion  from  a  to  b  will  be  represented  by  a  straight  line, 
M  some  height  above  the  horizontal  axis,  which  is  fixed  by  the 
scale  on  which  volts  of  E.M.F.  are  plotted.    The  rate  of  cutting 
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does  not  varj'.  and  the  E.M.F.  is  constant ;  while  if  at  u  the 
motion  is  instantly  reversed,  and  the  inductor  travels  back  to  a 
It  the  same  speed,  a  constant  E.M.F.  of  equal  value  is  ob- 
tained, but  in  the  opposite  direction.  We  thus  arrive  at  the 
pair  of  rectangles  shown  to  the  right  in  fig.  25.  If,  however, 
the  inductor  is  rotated  with  uniform  velocity  in  a  circle  about  o, 
the  rate  of  cutting  will  vary  at  ever)-  instant ;  as  it  describes  the 
semicircle  c  e  d,  at  the  first  instant  it  slides  along  the  lines, 
and  the  E.M.F.  is  zero  ;  gradually  the  E.M.F.  rises  until  it 
t«actt^  a  maximum  at  e,  where  the  motion  is  entixclY  VS.  T\^lcvt 
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angles  to  the  lines.  From  this  point  it  falls  gradually  to  zero  agaij 
at  D.  Now  what  is  the  actual  rate  of  cutting  at  any  moment] 
The  actual  velocity  v  at  any  moment  is  in  a  direction  tangential  ti 
the  circumference  of  the  circular  path  moved  through  ;  in  fig.  24, 
if  V  represent  it  in  magnitude  and  direction,  its  projection  on  a 
horizontal  plane  is  v  sin  b  j  but  the  angle  b  between  the  direction 
of  the  velocity  and  the  direction  of  the  field  is  equal  to  b'  or  the 
angle  through  which  the  inductor  has  been  rotated,  reckoned  from 
its  position  when  its  motion  was  entirely  parallel  to  the  lines ; 
hence  the  horizontal  component  of  the  velocity  in  virtue  of  which 
the  inductor  cuts  the  lines  is  equal  to  v  sin  b'.  Viewed  from  a 
position  vertically  above  or  below,  the  inductor  would  appear  to 
move  with  ever-quickening  velocity  from  c  up  to  the  middle 
position  at  e,  where  it  reaches  a  maximum,  and  thence  with  fallinj 
velocity  as  it  passes  on  from  e  to  d.  If  we  plot  on  c  e  d 
values  of  this  apparent  velocity  v  sin  b',  we  obtain  a  simple  si™ 
curve  whose  maximum  value  is  v.  But  the  rate  of  cutting 
directly  proportional  to  this  varying  velocity,  and  therefore  ll 
curve  connecting  E.M.F.  and  time  must  itself  be  a  sine  curve 
analogous  form  to  the  curve  connecting  time  and  projccti 
velocity.  AVe  have  now,  therefore,  determined  the  exact  shape 
the  curve  (fig.  25) ;  the  instantaneous  E.M.F.  is  a  sine  function 

fthe  angle  through  which  the  inductor  has  turned,  reckoned  froi 
its  position  in  a  plane  normal  to  the  field  and  passing  through  the^ 
axis  of  rotation;    and  its  value  isBLV  sin  n'xio"*.      As   the 
rotation  is  continuously  maintained  with   uniform   velocity,   the 
E.M.F.  acts  first  in  one  direction,  then  in  the  opposite  directioi 
or  is  alternating.      When   b'  is  0°,   180°,  or  360°  its  value 
zero  ;  when  b'  is  90°  or  270°  its  value  is  a  maximum,  first  in  a 
positive  and  then  in  a  negative  direction.    If  the  time  taken  to 
move  from  c  to  d  be  the  same  as  that  taken  to  move  from  a  to 
the  aitrage  value  of  the  E.M.F.    in    the   former  case  or  thi 
average  height  of  the  curve  must  be  the  same  as  the  value  in  thi 
latter  case,  or  the  height  of  the  straight  hne  above  the  horizon) 

.axis. 

Let  z  be  the  number  of  C.G.S.  lines  cut  by  the  inductor 
it  moves  from  a  to  b  or  from  c  to  d,  and  n  be  the  number 
|C^'olutions  per  second  ;  then  the  numiici  of  lines  cut  in  the  lull 


H 


M 


THE  PRODUCTION  OF  AN  E.M.F. 


59 


revolution  from  c  to  d  is  z,  and  the  time  taken  by  this  half- 
revolution  is  —  seconds  ;  therefore  the  average  E.M.F.  is 

i.Xio-=£^  volts. 

I  lO" 

The  E.M.F.  induced  at  any  moment  in  the  inductor  is 
BLV  sin    b'  X  io~*.      But  v  =  2-irm,  where  r  is  the  radius  of 

«  C  D 

rotation  =  — ,  and  VLtr  =  z  ;  hence  the  instantaneous  E.M.F. 

2 

at   any  moment  =  rrzn  sin  b'.  to"*  ;    the   maximum   value  of 
this  b  irzn  io~' :  whence  it  follows  that  the  maximum  value  is 

-  X  average  value. 

Now  when  an  inductor  passes  through  a  cycle  of  changes,  such 
that  it  returns  to  exactly  the  same  condition  as  existed  at  the 
commencement  of  the  cycle,  the  passage  through  the  cycle  is 
teiroed  a  '  period.'  Each  complete  revolution  of  the  inductor  c  in 
fig.  24  is  sucli  a  period,  yielding  a  complete  wave  of  E.M.F.  The 
number  of  complete  jieriods  per  second  is  known  as  the  '  perio- 
dicity' or  'frequency'  of  the  alternating  E.M.F.  or  the  inductor 
which  yields  it,  and  in  the  above  case  is  equal  to  »,  or,  if  n  =  the 

number  of  revolutions  of  the  inductor  per  minute,  to  ^ 
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CHAPTER   V 


THE   MAGNETIC    PULL 

The  principle  on  which  the  primary  function  of  the  dynamo  is 
fulfilled  and  an  electric  pressure  is  produced  at  certain  points  or 
terminals  has  now  been  discussed,  and  has  led  to  the  establish- 
ment of  the  fundamental  equation  which  determines  the  first  of 
the  two  factors  that  go  to  make  up  its  output,  i.e.  its  voltage. 
But  so  far  the  chief  result  contemplated  in  our  diagrams  of  a 
simple  inductor  has  been  this  electric  pressure  at  its  ends  ; 
no  current  could  flow  along  it  so  long  as  the  ends  were  shown 
open  and  the  circuit  was  incomplete  ;  no  electrical  energy  was 
present,  and  therefore  no  mechanical  energy  was  absorbed  by 
the  movement  in  order  to  be  converted  into  any  such  new  form. 
The  inductor  of  fig.  1 3  is  therefore  only  potentially  a  dynamo. 
But  now  suppose  that  the  inductor  wire  forms  portion  of  a  closed 
conducting  circuit,  the  remainder  of  which  is  external  to  the 
magnetic  field,  and  is  a  simple  electrical  resistance  of  R,  ohms,  such 
as  a  piece  of  wire  (fig.  i ) ;  then  when  the  inductor  is  drawn  across 
the  field,  an  E.M.K  is  set  up  between  its  two  ends,  a  and  11 ; 
and  these  being  points  in  a  closed  electric  circuit,  containing  no 
other  source  of  E.M.F.  besides  the  inductor,  a  current  of  elec- 
tricity will  flow  through  the  whole  circuit.  The  value  of  the 
current  in  amperes  will  be  equal  to  that  E.M.F.  in  volts  disidcd. 
by  the  resistance  of  the  entire  circuit  expressed  in  ohms ;  orl 
s}-mbols 


c  = 


R„  +  R. 
where   i;„  and  r„  are  respectively  the  E.M.F.  induced  in 
inductor  and  its  resistance.    In  short,  the  inductor  has  now  beco 
a  dvnaiuo. 
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but  when  a  current  is  allowed  to  flow  through  the  inductor,  a 
distinction  must  be  made  between  the  internal  E.M.F.  developed 
in  its  length,  or  the  internal  portion  of  the  circuit,  and  the 
dz/Terence  of  potential  which  exists  at  its  terminals,  a,  d.  The 
htler,  which  wc  will  call  e„  is  the  actual '  voltage '  of  the  inductor- 
d>7Uimo,  which  when  multiplied  by  the  current  passing  through  it 
gives  the  output,  and  it  is  less  than  the  internal  E.M.F.  by  the 
munber  of  volts  required  to  drive  the  current  through  the  resist- 
ance of  the  inductor. 

The  analog)'  of  the  centrifugal  pump  will  render  this  clear. 
Wc  have  said  that  the  whole  of  the  power  developed  by  it  is  not 
avsiilable  outside  of  it  for  raising  water,  and  the  reason  is  the  same 
a  in  the  case  of  the  dynamo.  The  flow  of  water  is  the  same 
inside  and  outside  the  pump,  but  some  portion  of  the  total 
pressure  produced  in  the  pump  is  lost  in  overcoming  the  frictional 
resistance  of  its  own  ports  and  channels  to  that  flow,  and  to  this 
loss  of  pressure  is  due  the  fact  that  the  available  power  for  lifting 
inter  is  less  than  the  total  power  developed  in  the  pump. 

Theterminal  voltage  of  the  simple  inductor-dynamo  is  therefore 

E,  ^  E„  — CR„, 

and  from  tliis  it  will  he  seen  that  on  open  circuit  when  no  current 
flows  E,  =  E„  ;  but  as  the  current  is  increased  the  difference  between 
the  two  continually  increases.  The  volts  represented  by  CR„  are 
practically  useless,  being  lost  over  the  internal  resistance  ;  when 
multiplied  by  the  current  their  product,  or  c'r„  watts,  is  a  certain 
rate  of  development  of  electrical  energy  ;  but  this  energy  simply 
»|iprars  as  heat  generated  in  the  inductor  which  is  not  only  useless 
but  costly  and  inconvenient  to  dissipate.  'I'he  smaller  r„  is,  the 
Iesb  will  be  this  loss,  and  the  more  nearly  k,  will  approximate  to 
H^  For  this  reason  the  inductive  portion  of  the  modern  dynamo 
Is  almost  invariably  composed  of  copper  ;  since  with  the  exception 
of  silver  (which  is  too  expensive)  copper  is  of  all  substances  the 
best  conductor  of  electricity,  and  therefore  for  a  given  length  and 
(eclional  area  of  inductor  its  resistance  is  less  than  that  of  other 
iDctaU. 

.   however,  that  we  allow  a  current   to   flow  in   our 
i:.  1  entirely' new  pht/ioniciion  conies  to  light.     It  novi  fot 


« 


I 


I 


the  first  time  requires  mechanical  force  to  be  applied  in  order 
more  it  across  the  field.  Magnetic  field  and  electric  cu: 
hare  interacted,  and  there  is  a  definite  resistance  to  the  motion, 
which  must  be  o^-ercome  by  mechanical  energy  supplied  from 
without. 

The  study  of  this  second  phenomenon  will  follow  a  course 
closely  analogous  in  every  particular  to  the  previous  study  of  the 
principle  of  electro-magnetic  induction.  Let  us  place  in  a 
magnetic  field  a  simple  straight  conductor  a  d  (fig.  26)  conveyi 
a  current  whose  direction  of  flow  coincides  with  its  length,  and 
from  D  to  A  ;  the  rest  of  the  circuit  which  must  necessarily  e; 
we  will  for  the  moment  disregard.  Let  it  occupy  any  position 
the  magnetic  field,  and  finally  let  us  take  any  line  of  action  whii 
we  please,  along  which  we  wish  to  discover  whether  there  is  any 
mechanical  force  acting  on  the  conductor  and  tending  to  move  it 
in  that  direction.  .•\s,  in  the  case  of  electro-magnetic  induction, 
the  direction  of  the  field  and  of  movement  were  given,  and  any 
line  of  action  forming  a  length  within  the  conductor  was  c^ 
sidered  with  reference  to  the  existence  of  an  E.M.F.  along  it, 
now  with  direction  of  field  and  of  flow  of  current  given  any  li 
of  action  is  considered  with  reference  to  the  question  whether  any 
force  does  or  does  not  act  along  that  line. 

In  the  first  place,  whatever  the  relative  positions  of  the  lines 
which  represent  the  directions  of  field  and  length  of  conductor,  it 
is  evident  tliat  they  fall  under  one  or  other  of  two  heads  :  ei' 
the  length  of  the  conductor  is  parallel  to  the  direction  of  the  fiel 
or  it  is  not.  Now,  in  the  first  case,  the  conductor  conveying 
current  is  entirely  unacted  on  by  any  force  due  to  the  extci 
magnetic  field  in  which  it  is  placed,  and  it  has  no  tendency  to 
move  in  any  direction.  But  in  the  second  case  it  becomes  the 
seat  of  a  mechanical  force  which,  unless  resisted  by  an  equal 
opposite  force,  will  cause  it  to  move  in  a  definite  direction, 
second  case  is  equally  well  expressed  by  saying  that,  if  there  is 
be  a  mechanical  force  acting  on  the  conductor,  the  projection 
its  length  on  a  plane  normal  to  the  direction  of  the  field  must 
a  line,  and  not  a  point,  and  whenever  it  lias  length  or  is  a  line, 
there  is  interaction  between  the  magnetic  field  and  the  conduc 
In  fig.  36  let  A  u  be  a  conductor  whose  length  does  not  coi: 
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with  the  direction  of  field  in  which  it  is  placed,  and  let  adh^  the 
fiTojection  of  its  length  on  a  plane  normal  to  the  field.  At  right 
angles  \.o  ad  draw  a  line  o  m.  Then  the  conductor  a  d  is  acted 
upon  by  a  force  distributed  throughout  its  entire  length  (since  it 
is  entirely  immersed  in  the  field),  and  the  direction  of  this  force 
at  each  portion  of  its  length  is  in  a  plane  normal  to  the  field  and 
parallel  to  o  m  ;  in  other  words,  if  it  is  free  to  move,  the  conductor 
will  move  parallel  to  itself  through  the  field  owing  to  the  action 
of  forces,  which  may  be  summed  up  and  represented  by  one  force 
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Fig.  16. 


at  right  angles  to  its  length  and  in  a  plane  normal  to  the  field,  as 
radicated  by  the  line  o  m. 

We  have  next  to  determine  the  '  sense '  of  this  magnetic  force 
or  pull,  and,  further,  its  magnitude.  In  fig.  26,  if  the  direction  of 
the  lines  of  the  field  be  vertically  upwards,  and  the  current  flows 
in  the  ctmductor  from  D  to  .\,  the  direction  of  the  pull  on  the 
conductor  will  be  from  left  to  right  towards  m,  i.e.  exactly  opposite 
to  the  direction  of  movement  which  would  produce  an  E.M.F. 
directed  from  u  to  a.     Hence  if,  instead  of  the  t\g,V\\.  \«it\A,  'Nft 
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now  place  the  left  hand  outstretched  along  the   length   of  the 
conductor,  so  that  the  direction  of  current  is  from  the  wrist  to  ' 
fingertips,  while  the  thumb  points  in  the  direction  of  the  lines  < 
the  field,  the  direction  of  the  mechanical  pull  on  the  conduct^ 
will  be  across  the  hand  from  the  back  to   the  palm  ;   in  ot) 
words,  the  palm  will  face  the  direction  towards  which  the 
ductor  tends  to  move.     The  force  is  a  mutual  action  between 
conductor  and  the  field,  so  that  if  the  conductor  is  held  fast,  aa 
the  pole-pieces  between  which  the  field  exists  are  free  to  mov 
the  direction  in  which  they  will  move  is  of  course  opposite, 
from  the  palm  of  the  hand  across  to  the  back.     Next,  as 
the  magnitude  of  the  force,  if  /  be  the  length  of  the  conductor  . 
as  projected  on  to  the  plane  normal  to  the  field,  then  the  for 
acting  on  A  D  at  right  angles  to  its  length,  and  tending  to  move  | 
parallel  to  itself  along  o  m,  is  proportional  to  the  product  of  tt 
strength  of  current,  intensity  of  field,  and  the  projected  length  i 
the  conductor,  or 

F  OcfB.. 

But  /  =  L  sin  y  (fig.  26  {2) ). 

.'.  F  oc  <BL  sin  y, 

from  which  it  is  again  ex-ident  that  the  conductor  is  only  acti 
I  on  by  the  magnetic  pull  when  its  length  is  inclined  at  some  angle 
'  to  the  direction  of  the  field  ;  since  if  it  is  parallel  to  it,  7=0,  and 

¥  is  zero. 

The  above  forms  the  statement  of  the  fact  of  elcctro-dyiKunu: 

action  parallel  to  our  previous  statement  respecting  elcctro-magncUv; 

induction.     As,  in  the  latter  case,  there  were  aspects  otiicr  than 

that  in  which  it  was  presented,  so  also  arc  there  other  ways 
[of  presenting  the  second  fundamental  fact,  but,  again,  none  are  so 
[suitable  in  connection  with  the  theory  of  the  dynamo.     Both  are 

aws,  ultimate  as  regards  the  subject  in  hand,  and  not  only  vcri 
by  direct  experiment,  but  also  affording  a  sure  gruundwui 
"of  theory  on  which  to  deal  witli  any  case  that  may  arise. 

The  closely  analogous  nature  of  the  two  laws  is   itlrcad] 

tpporent  in  our  first  statement ;  if  the  projection  of  the  conduct 
'^or  inductor  on  the  normal  plane  be  a  point,  it  is  entireJy  un; 


so 
Me      I 
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00  by  any  pull  from  the  magnetic  field,  and,  further,  no  E.M.F. 
can  be  created  in  it  by  movement  in  any  direction  parallel  to  itself. 
But  this  analogy  extends  siill  further.  When  inclined  to  the 
direction  of  the  field,  the  actual  force  acting  on  the  conductor  due 
to  a  magnetic  pulL-is  always  f  oc  ^rl  sin  y  along  the  line  0  M  ;  but 
the  whole  or  part  of  this  may  be  t>alanced  by  other  external  forces, 
and  we  ha>-e  undertaken  to  discover  the  force  acting  on  the  con- 
ductor along  any  line  of  action  which  we  please  to  consider.  This 
we  are  now  in  a  position  to  do,  since  all  that  is  required  is  to 
resolve  the  force  r  along  the  given  line  of  action,  in  order  to  find 
the  component  acting  along  it,  which  may  or  may  not  be  un- 
balanced. In  fig.  36  (i)  let  om'  be  the  line  of  action  under  con- 
sideration, its  projection  on  the  normal  plane  being  along  o  m  ; 
then  the  component  of  the  force  f  acting  along  the  line  o  m  is 

/=  F  sin  a, 

where  a  is  as  before  the  angle  which  the  projection  of  the  line  of 
action  makes  with  the  projected  length  of  the  conductor  (fig.  26  (3) ). 
Further,  the  component  of/ along  the  line  0  m'  is 

/=/siny3, 

where  p  is  the  angle  which  the  line  ot  action  makes  with  the 
direction  of  the  field  (fig.  26  (i) ).  Hence  the  force  acting  on  the 
conductor  along  the  given  line  of  action  o  m'  is 

f  oc  est  sin  a .  sin  /3 .  sin  y. 

The  expression  we  have  now  obtained  is  exactly  analogous  in 
foTOJ  to  the  expression  previously  arrived  at  for  the  E.M.F.  induced 
in  a  rectilinear  conductor  when  moved  in  any  direction  parallel 
to  itself,  and  it  may  be  put  into  similar  words.  With  any  position 
of  the  conductor  relatively  to  the  line  of  field  and  the  line  of 
action,  either  the  projections  of  the  conductor's  length  and  the 
Gne  of  action  are  in  the  same  straight  line,  or  they  are  inclined  to 
each  other  at  some  angle  other  than  180°  :  in  the  first  case  there 
it  no  magnetic  force  acting  on  the  conductor  and  tending  to 
more  il  in  the  given  line  ;  in  the  second  case  there  is  a  certain 
Bta^etic  force  or  comp)onenl  of  a  force  acting  along  that  line. 
Wbenerer  a  conductor  is  subjected  to  a  magnetic  pull,  the  line  of 
action  along  which  the  force  is  a  maximum  is  at  right  angles  to 
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the  projected  length  and  in  the  normal  plane,  and  consequentlyT 
as  we  have  said,  it  is  in  this  direction  that  the  conductor,  if  free  to 
move,  will  travel  parallel  to  itself.     There  is  no  tendency  for  it  to 
rotate  so  as  to  alter  the  angle  y.     For  a  given  length  of  conductor, 
however,  this  force  is  a  maximum  when  the  conductor  is  itself  at 

Sfftith  Fble piece, 
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right  angles  to  the  field  or  in  the  normal  plane,  as  shown  in  fig.  17, 
and  this  maximum  value  of  the  force  is 

F«<-pi  (11): 

or   F=A-iii.,  where  X'  is  again  some  constant  depending  on 
system  of  units  employed.    On  the  C.d.S.  system,  the  force  bcij 
measured  in  dynes,  c  in  absolute  units  of  current  strength 
in  C.G.S.  lines  jier  square  centimetre,'  ^=1,  or  \i  e  \s  in  amp 
i=io"'.     If  F  be  measured  in  lbs.  and  i.  in  inches,  while 
e  are  retained  in  C.G.S.  units  and  ami>trcs  rcsjiectively,  wc  ha« 
F  (pounds)  =57  X  10"*  <BU 

•  If  for  r  we  substitute  the  rtmsif>-  of  Kapp  lines  per  >>)uuc  inch,  oc^ 
and  r««:kon  /,   the  Icnijtli  cif  <  thr  mduence  nf  the 

uoMeaJ  ofcealitnetrcs  li'  "c* 

r  (poandi;  =  '000531  <wL 
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One  feature  still  remains  to  be  considered.  When  the  con- 
ductor of  fig.  26  is  unconstrained  and  moves  parallel  to  itself  in 
the  direction  of  the  line  o  ^^,  it  passes  broadside  through  the  field 
and  for  a  given  distance  moved  through,  the  number  of  lines  cut 
is  a  ma.ximum.  Further,  since  the  force  f  has  no  component  in  a 
vertical  direction  or  along  the  length  of  the  conductor,  it  is  evi- 
dent that  there  is  no  tendency  for  the  conductor  to  move  up  and 
down  the  lines  or  end-on  through  them.  It  is  essential,  therefore 
for  the  existence  of  force  along  any  line  of  action  that  the  con- 
ductor, by  movement  in  that  direction,  should  cut  lines  of  the  field 
along  its  length. 

Now  in  the  simple  but  fundamental  case  of  fig.  27  two 
corollaries  attmct  our  attention  most  forcibly.  By  comparing 
fig.  27  with  fig.  13  it  will  be  seen  that  the  direction  of  the 
magnetic  pull  on  the  conductor,  when  a  current  flows  through  it 
from  D  to  A,  is  exactly  opposite  to  the  direction  of  movement 
which  would  induce  an  E.M.F.  in  it  from  d  to  a.  And  this 
feature  is  equally  present  in  all  other  cases  (compare  figs.  26  and 
14),  and  is  embodied  in  the  rule  that,  in  determining  the  direction 
of  an  E.M.F.  along  a  given  line  of  action,  the  rij;;hl  hand  is  used, 
while  in  determining  the  direction  of  magnetic  pull  on  the  con- 
ductor the  left  hand  is  used.  Suppose  that  the  conductor  of 
fig.  27  conveying  a  current  from  t»  to  a  is  free  to  move  under  the 
action  of  the  magnetic  pull  ;  then  at  once  it  cuts  the  lines  of  the 
fidd,  and  the  induced  E.M.F.  as  shown  by  the  application  of  the 
light  hand,  is  from  a  to  d  ;  it  is  therefore  a  back  E.M.F.  opposing 
the  fJow  of  the  current  and  reducing  its  strength.  Similarly 
in  all  cases  in  which  a  conductor  is  left  free  to  move  under  the 
mgnetic  pull  on  it,  it  always  cuts  lines  along  its  length,  and 
consequently  always  induces  an  E.M.F.  along  its  length,  and  we 
DOW  see  that  this  E.M.F.  is  so  directed  as  to  oppose  the  flow  of 
otmmt  to  which  the  movement  is  itself  due.  That  it  must  so 
ot^&e  the  current  is  evident  if  we  consider  what  would  he  the 
-  '  rquences  were  it  to  assist  the  flow  of  current ;  the  strength 
latter  would  be  increased,  the  pull  would  proportionately 
sc,  and   the   conductor  would   move  with  ever-increasing 

; .ly,  which  in  turn  would   induce  a  continually  increasing 

LJbLF.  in  the  same  direction  as  the  current ;  and  this  process 
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would  go  on  for  ever  until  both  the  E.M.F.  and  current 
infinitely  great.     We  should  thus  obtain  an  indefinite  amountj 
electrical  energy  without  the  expenditure  of  any  in  another  for 
which  is  impossible  by  the  law  of  the  conservation  of  ene 
Hence  the  E.M.F.  induced  by  the  free  motion  of  a  conduc 
carrying  a  current,  when  placed  aslant  in  a  magnetic  field,  must 
oppose  the  current,  and  this  necessary  fact   might  be  used 
determine  the  direction  of  movement  which  will  ensue  for  a  gii 
direction  of  current  in  the  conductor. 

Next  let  the  current  in   a  D  (see  fig.  27)  be  itself  due  to 
movement  of  it  through  the  magnetic  field  ;  that  is,  an  E.M.F.  is 
being  generated  in  it.  acting  from  d  to  a.     For  this  to  be  the  case 
the   direction  of  movement  must  be  towards  the  left.     But  the 
direction  of  the  force  acting  on  it,  due  to  its  being  a  conductor 
carrying  a  current  from  d  to  a,  is  towards  the  right,  and  is  there- 
fore directly  opposed  to  the  movement  which  produces  the  E.M.F. 
Hence  the  movement  of  the  conductor  is  resisted  by  a  mor' 
cal  force  in  the  opposite  direction,  and  this  fact  may  con \ 
be  used  to  determine  the  direction  of  the  E.M.F.  along  the  length 
of  the  inductor.      For,  suppose  a  current  to  flow  under  the  in- 
duced E.M.F".,  the  direction  of  the  two,  therefore,  being  the  same  ; 
then  this  direction  must  be  such  that  there  shall  be  a  force 
on  the  inductor  opposing  the  movement  which  induces  the  1 
In  all  cases,  therefore,  of  electro-m.ignetic  induction  the  direction 
of  the  induced  E.M.F.  must  be  such  that  a  current  flowing  under 
it  tends  by  its  electro-dynamic  action  to  stop  the  motion  which  pn>-. 
duces  tlic  E.M.F.     This  general  statement   was   formuLited 
Lenz  in  1834,  and  is  known  as  I^nz's  law. 

At  once  we  liegin  to  have  an  insight  into  the  reason  why! 
expenditure  of  mechanical   energy  is  required,   if  a   current] 
allowed  to  flow  in  our  inductor  of  fig.  i,  under  the  influence] 
the  E-M.!'".  induced  in  it.     By  the  principle  of  the  conservationj 
energy,  no  new  form  of  energy  can  l)e  made  to  appear,  save  by  I 
transformation  of  some  other  form  ;  the  case  of  the  electric  1 
is  that  which  is  contained  in  the  first  of  the  above  two  ■ 
a  current  is  pas.'sed  through  a  system  of  conductors  [• 
magnetic  field ;  they  are  thus  subjected  to  a  mechanical  pg 
which  will  cause  movement,  and  so  give  off  work,  electrical  { 
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bemg  transformed  into  mechanical,  and  the  conductors  becoming 
also  inductors,  or  the  seat  of  an  induced  back  E.M.F.  In  the  case  of 
the  dynamo  which  is  embodied  in  the  second  of  the  two  corollaries, 
a  current  flows  in  the  direction  of  the  induced  E.M.F.,  so  that  the 
system  of  inductors  becomes  also  a  system  of  conductors ;  the 
movement  which  produces  the  E.M.F.  is  resisted  by  a  mechanical 
force,  and  consequently  mechanical  energy  is  transformed  into 
electrical  energy.  The  equality  of  the  two  is  easily  shown  :  e^. 
m  fig.  a;  let  <  be  the  strength  oJ  current  flowing  through  our  in- 
ductor under  the  E.M.F.  produced  by  movement  of  it  towards 
the  left  with  uniform  velocity  v,  all  units  being  on  the  C.G.S. 
absolute  system.  The  rate  of  development  of  electrical  energy 
throughout  the  circuit  is  equal  to  the  product  of  the  E.M.F.  and  the 
current  flowing  round  it,  \.&.—c^.  But  k=bi.v  ;  therefore  electrical 
energy  is  developed  at  the  rate  of  cdlv  ergs  per  second.  Now 
with  the  current  flowing  in  the  direction  shown  in  the  inductor,  it 
is  acted  on  by  a  force  at  right  angles  to  its  length,  and  tending  to 
draw  it  towards  the  right.  The  magnitude  of  this  force  is  F^t-Bi- 
But  this  force  is  overcome  through  a  length  v  in  unit  time ; 
mechanical  energy  has  therefore  to  be  expended  at  the  rate  of 
FV  ergs  per  second.  But  this  is  equal  to  rntv,  which  is  identical 
with  the  expression  for  the  rate  of  development  of  electrical  energy. 

Or,  again,  take  the  case  shown  in  fig.  14,  and  compare  it  with 
fig.  26  ;  the  E.M.F.  produced  by  movement  of  the  inductor  in 
the  direction  o m'  is  equal  to  blv .sin  a .  sin  /3 .  sin  y  in  the 
direction  from  D  to  a.  Let  this  produce  a  current  of  strength  t 
round  the  circuit  when  closed  ;  then  the  inductor  is  acted  on 
by  a  magnetic  pull,  F  =  ^bl  .  sin  y,  in  the  direction  o  .m  (fig.  26). 
But  the  whole  of  this  is  not  overcome  by  the  force  which  pro- 
duces the  movement ;  it  is  only  the  component  of  F  along  the 
line  o  m\  which  acts  as  a  resistance  to  the  movement,  and  this  is 
equal  to  r  sin  o  .  sin  /3  =  c&\..  sin  a  .  sin  /3 .  sin  y.  The  product 
of  the  resistance  overcome,  and  the  velocity  v  is  therefore  again 
equal  to  the  rate  of  development  of  electrical  energy,  or  c%. 

But  by  what  mechanism,  it  is  naturally  asked,  is  this  resistance 
to  a  movement  inducing  an  E.M.F.,  and  which  only  arises  when 
a  cuireJJt  flows,  brought  about  ?  It  is  by  the  interaction  of  the 
magnetic  field,  due  to  the  current  with  the  inducing  Ti\;i^tv«.'vvc 
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It  faks  beea  dion  dnt  a  ccodnctoc  conrepng  an  eK 
:  ii  JHdf  dK  centre  of  a  BMgrirtir  Sdd,  and  it  is  througb 
tine  ■■^f"***^  fidd  cf  its  ovn  that  die  current  can  re^ct  on  ihfl 
anginal  Sdd.  Tbis  ialenclkia  can  be  treated  in  st-^^'ral  difTercnj 
ways :  d>ese  oonsot  io  amibating  ekber  to  the  magnetic  line 
riMmi*u>«  or  to  the  dosed  coodncting  circuit  certain  propertie 
bjr  means  of  vUcfa  all  the  phmomena  attendant  upon  t ' 
position  of  tvo  or  more  magnrtir  fields  can  be  corrt  (U 

brought  into  hannony.    Of  such  methods  two  principal  ones  iDa| 
be  mentioned  ;  bat  it  must  be  remembered  that  the  ultimate  natu 
of  the  action  is  not  more  explained  by  them  than  by  the  primar 
law  under  which  the  snbject  was  fii5t  presented. 

Take  the  case  of  a  rectangular  loop  of  wire  round  which 
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current  flows,  and  placed  so  that  its  plane  is  parallel  to  the  direc- 
tion of  the  field  between  tuo  external  pole-pieces  (fig.  a8).  Then 
it  follows  from  our  electro-dynamic  law  that  if  the  direction  of  the^ 
current  round  the  loop  be  as  shown  by  the  arrow,  the  side 
will  be  subjected  to  a  force  tending  to  move  it  towards  the  i 
as  seen  from  d,  while  the  side  3-4  will  be  subjected  to  an  cq« 
force  tending  to  move  it  towards  the  left ;  the  ends  2-3  and  1- 
will  while  jwrallcl  to  the  field  have  no  force  exerted  on  the 
and  when  in  a  plane  normal  to  the  field,  or  in  any  intermcdii 
jHwition,  the  force  tending  to  move  2-3  in  one  direction  will 
counicrlniilanccd  by  the  force  tending  to  mo\e  1-4  in  the  op 

tion.    The  whole  loop  will   therefore  be  acted  up*in  by] 
lending  to  rotate   it   in  a  clock\*ise   liirvction,  nnd 
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ion  which  it  will  take  up  if  free  to  move  is  one  in  which  its 
ic  is  normal  to  the  direction  of  the  field,  as  shown  by  dotted 
lines.  But  the  loop  has  a  magnetic  field  of  its  own,  the  lines 
passing  through  it  when  it  is  vertical  in  a  direction  from  right  to 
left,  as  seen  from  d  ;  and  when  the  loop  has  rotated  into  its  position 
cf  rest,  the  hnes  due  to  the  current  pass  through  it  in  exactly  the 
ntne  direction  as  the  lines  of  the  field,  i.e.  vertically  upwards. 
Jience  the  action  on  the  loop  may  be  explained  by  saying  that 
^^ft  lines  of  two  fields,  one  superposed  on  the  other,  tend  to  set 
^wlmselves  parallel  to  each  other.  Further,  the  loop  will  tend 
to  set  itself  so  that  as  many  lines  as  possible  pass  through  it  in  the 
same  direction  or  parallel  to  its  own  lines.  Since  the  field  in 
fig.  28  is  uniform,  the  number  of  lines  passing  through  the  loop  when 
in  a  plane  perpendicular  to  the  field  will  be  the  same,  whatever  its 
position  in  that  plane,  and  therefore  it  will  take  up  any  position 
in  the  normal  plane  ;  but  if  the  field  be  not  uniform,  it  will  move 
Into  such  a  position  that  the  lines  passing  through  it  in  the 
direction  of  its  own  lines  are  a  maximum,  or  at  least  so  that  the 
number  of  lines  passing  through  it  in  the  opposite  direction  is  a 
minimum.  In  fact,  every  closed  circuit  conveying  a  current  tends 
to  set  itself  so  that  as  many  lines  as  possible  pass  through  it  in 
the  same  direction  as  its  own  lines. 

Again,  it  has  been  shown  that  a  loop  of  wire  conveying  a  cur- 
rent may  be  likened  to  a  magnetic  shell,  the  two  faces  of  which 
respectively  N.  and  S.  Consequently,  in  fig.  28  the  loop  tends 
10  set  itself  that  it  presents  its  N.  face  to  the  S.  pole  of  the 
external  magnet,  and  its  S.  face  to  the  N.  pole-piece,  since  unlike 
poles  attract,  like  poles  repel.  This  analogy  of  the  closed  elec- 
tric circuit  to  a  magnetic  shell  serves  to  illustrate  the  principle 
that  the  interaction  of  the  lines  due  to  an  induced  current  with 
'  '■  cs  due  to  the  original  field  must  resist  the  motion  inducing 
M.F".  ;  for  if  in  fig.  28  the  loop  be  forcibly  rotated  in  an  anti- 
wise  direction,  an  E.M.F.  will  be  set  up  which  would  be  the 
of  an  alternating  current  ;  but  with  such  a  direction  of 
rotation  the  N.  face  of  the  loop  would  be  continually  presented  to 
\\y  of  the  magnet,  and  therefore  there  will  be  repulsion 

res  ■  motion. 

Let  us  now  consider  the  case  of  an  iron  cyVvndw  a\ot\?,\ixt 
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outside  of  which  and  parallel  to  its  length  are  arranged  a  nUB 
of  conductors  conveying  currents,  and  placed  in  a  magnetic  fie 
between  two  pole-pieces  (fig.  29).     The  direction  of  the  lines  in 
the  air-space  between  the  iron  poles  and  the  iron  cylinder  wiU 
nearly  radial,  except  for  a  small  fringe  of  lines  near  the  gafi 
between  the  pole-pieces.     Let  the  direction  of  the  currents  in  the" 
one  half  of  the  conductors  (marked  with  a  cross)  under  one  polc-^ 
piece  be  towards  an  observer,  looking  at  the  cylinder  from  its  1 
and  in  the  other  half  (black)  away  from  the  obser>'er.     Such 
ihe  case  of  the  armature  of  the  machine  in  fig.  a.     By  applicatifl 
of  the  left  hand  it  will  be  found  that  each  conductor  is  subjected  1 
a  pull  exactly  tangential  to  a  circle  passing  through  the  centre 
he  conductors,  save  in  those  which  are  nearly  or  quite  veiticaL 


Fic.  <9. 

On  the  conductors  on  the  right  half  the  pul  will  be  more 
less  downwards,  while  on  those  of  the  left  half  there  will  be 
more  or  less  upward  pull ;  the  directions  of  a  few  of  these  forces 
are  shown  on  the  diagram.  We  may  consider  the  whole  as  a 
number  of  loops  all  tending  to  set  themselves  vertical,  so  as  to 
embrace  all  the  lines  of  the  field,  while  the  ends  of  the  loops  wiU 
exert  neither  an  upward  nor  a  downward  pull.  The  total  result  of 
the  action  will  be  that,  unless  otherwise  constrained,  the  wh<dc 
system  of  conductors  will  rotate  in  a  clockwise  direction.  Now, 
if  thf-  .ilxjve  represents  .in  elirtric   motor,  the  conductor 
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rotate,  and  therefore  induce  in  themselves  an  E.M.F.  opposed  to 
the  flow  of  current. 

But  if  the  conductors  are  rotated  in  an  anti-clockwise  direc- 
tion, they  will  induce  E.M.F.'s  in  the  directions  which  the 
currents  are  supposed  to  have,  and  the  whole  becomes  a  dynamo ; 
hence  the  mechanical  resistance  to  the  rotation  which  arises 
when  a  current  flows  under  those  E.M.F.'s  takes  the  form  of  a 
tangential  drag,  acUng  on  each  of  the  conductors  round  the 
circumference ;  and  this  must  be  overcome  by  the  mechanical 
force  applied  to  the  spindle  of  the  armature.  This  tangential  drag 
is  removed  and  put  on  again  in  the  opposite  direction  twice  in 
each  revolution  as  the  conductor  passes  over  from  the  one  side  to 
Ibe  other. 

In  ordiiur)-  dynamos  of  modern  construction  the  strength  of 
field  in  the  air-space  through  which  the  inducing  system  of  con- 
ductors is  moved  is  usually  about  5,000  C.G.S.  lines  per  square 
centimetre.  Consequently  the  force  acting  on  each  conductor  to 
resist  its  motion  per  foot  of  active  length  is  "0342  lb.  for  every 
ampfere  of  current  flowing  through  it,  or  nearly  3.^  lbs.  for  100 
im]>^res.  This  force  has  to  be  mechanically  met  and  withstood  ; 
the  spindle  and  framework  of  the  dynamo  must  be  strong  enough 
to  transmit  the  power  to  the  inductors,  and  they  must  be  prevented 
from  slipping  on  the  armature  under  the  action  of  the  magnetic 
drag.  The  second  fundamental  equation  has  now,  therefore,  intro- 
duced the  mechanical  element  which  is  required  in  order  to 
complete  our  first  view  of  the  dynamo  as  a  machine.  It  can  now 
be  readily  seen  why  the  knowledge  both  of  the  electrician  and  of 
the  mechanical  engineer  is  required  for  the  design  of  the  dynamo  ; 
neither  can  be  neglected,  as  indeed  the  very  word  '  dynamo- 
dectric '  foreshadows. 

This  leads  us  to  the  next  question,  viz.  \Vhat  determines  the 
amount  of  current  which  may  be  taken  out  of  any  dynamo  ?  We 
bave  seen  that  when  once  an  electric  pressure  or  electro-motive  force 
has  been  generated  by  the  simple  inductor  (fig.  i)  the  current  which 
win  flow  through  it  is  simply  determined  by  the  resistance  of  the 
utdoctor  itcelf  (u,),  and  that  of  the  external  circuit  (k,),  or 

c=-3^, 
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and  consequently  for  given  values  of  li,,  and  r,  it  is  a  maximi 
when  the  external  resistance  is  negligibly  small,  as  will  be  the  cas 
if  the  terminals  of  the  inductor  are  joined  together  by  a  shot 
l)iece  of  stout  copper,  or,  as  it  is  termed,  if  the  dynamo  be  s! 
circuited. 

The  machine  is  most  effectively  short-circuited  if  its  termi: 
are  brought  into  actual  contact,  so  that  in  fig.  i  a  and  D  are  on 
and   the  same  points  :   this  secures   the   maximum  strength   t 
current  for  the  E.M.F.  induced  round  the  circuit,  and  the  magn 
tude  of  the  E.M.F.  itself  depends  on  the  speed  of  move 
which  can  be  maintained  by  the  prime  mover. 

But  for  every  ampere  of  current  flowing  through  the  indui 
our  second  equation  shows  that  a  definite  force  is  brought 
play  which  resists  the  motion. 

Hence,  theoretically,  the   maximum  rate  at  which  elect; 
energy  can  be  developed  by  a  dynamo  is  solely  detennined  by  th 
horsepower  of  the  steam-engine,  or  other  prime  mover  employe 
to  overcome  the  resistance  to  the  motion,  when  taxed  to 
utmost. 

But  for  practical  purposes  it  is  not  simply  a  maximum  rat 
development  of  electrical  energy  which  is  required,  but  a  ma* 
mum  rate  of  development  in  Ihe  external  circuit,  since  here  alon 
is  it  useful ;  it  is  the  output  or  the  product  z,c,  which  has  taJ[ 
a  maximum.  \Vhen  the  machine  is  shor*-circuited,  although  fl 
rate  of  internal  development  of  energy  is  a  maximum,  there  is  i* 
output,  for  the  number  of  volts  used  in  driving  the  current  throui 
the  internal  resistance  of  the  inductor,  or  cr^  is  equal  to 
internal  E.M.F.  of  the  dynamo,  and  therefore  e,  is  zero 
in  practice  it  is  necessary  to  maintain  at  the  terminals 
machine  a  certain  voltage  suited  to  the  purpose  in  view,  and  ails 
suited  to  the  design  of  tlie  machine  as  a  generator  of  el 
pressure. 

But  so  long  as  the  mechanical  energy  at  our  disposal  su 
to  produce  such  six;ed  of  movement  as  'nil  maintain  the  reqi 
voltage  at  the  terminals,  the  output  of  the  dynamo  may  be 
nitely  increased  by  lessening    the  external  resistance,   and' 
increasing  the  current      However,   in    practice,    certain  oth( 
considerations,  apart  from  the  question  of  the  mccbanical 
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tt  our  disposal,  limit  the  current  which  can  safely  be  taken  out  of 
the  dynamo,  and  one  of  the  most  important  of  these  is  the  heating 
of  the  inductor  by  the  passage  of  the  current.  Unless  the  heat 
which  is  continuously  generated  at  the  rate  of  c'r^  watts  can  be 
dissipated  quickly  enough,  the  temperature  of  the  inductor  will 
rise  so  high  that  we  run  the  danger  of  fusing  it  or  at  least  burning 
its  insulation.  Given,  therefore,  sufficient  horsepower  applied  to  a 
dynamo  constructed  to  give  a  certain  terminal  voltage,  the  greatest 
current  which  it  will  be  able  to  continuously  maintain  is  in  general 

■  ined  by  the  rate  at  which  the  heat  produced  in  it  can  be 
.  led,  and  so  indirectly  by  the  relation  existing  l)etween  the 
electrical  resistance  of  its  armature  and  the  area  and  effectiveness 
of  the  surface  exposed  to  the  cooling  of  the  air. 

The  two  equations  of  the  dynamo  have  now  been  discussed, 
and  expressed  symbolically,  i.e.  on  the  C.G.S.  absolute  system 

(l)  E  =  BLV 

(j)  F  =  BL^. 

,  The  first  deals  with  the  creation  of  electrical  pressure  by  means  of 

magnetic  induction  ;  the  second  with  the  absorption  of 

lical  energy,  when  an  electric  current  flowing  under  this 

pressure  interacts  with  the  magnetic  field  by  movement  through 

the  E.M.F.  was  induced.     Both  are  embodied  practically 

be  dynamo  and  unr'erlie  it  in  all  its  manifold  types. 


« 


CHAPTER   VI 
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One  of  the  consequences  which  ensue  when  a  current  is  permitted 
to  flow  through  our  inductor  wire,  viz.  the  magnetic  pull  on  it,  1 
now  Ijcen  considered  ;  another  of  great  importance  remains  stj 
to  be  traced.     It  has  been  said  that  the  inductor,  in  which 
wish  to  calculate  the  E.M.F.  induced  by  movement  in  a  magned 
field  by  the  rules  of  Chapter  IV.,  may  or  may  not  be  carrying  j 
current,  according  as  it  is  or  is  not  part  of  a  closed  electric 
circuit.     Now,  suppose  that  il  is  carrying  a  current  ;  when  this  | 
the  case,  we  have  spoken  of  the  superposition  of  its  own  magne 
field  upon  that  already  existing.     We  must  now,  therefore, 
What  is  the  effect  of  the  co- presence  of  these  two  fields  as  rega 
the  E.M.F".  induced  in  the  inductor?     In  actual  nature  at 
point  in  space  there  can  never  be  more  than  one  magnetic  fie 
as  mapped  out  by  lines  of  induction  ;  but  this  magnetic  field  : 
for  purjxwes  of  investigation  be  regarded  as  the  resultant  of 
or  more  fields  ;  and  hence  it   is  legitimate  to  consider  these 
acting  separately  on  the  inductor,  and  so  arrive  at  the  result 
E.M.F.  set  up  in  it.     In  the  case  here  to  be  considered  wc 
regard  the  actual  field  in  which  the  inductor  is  immersed  as  ma^ 
up  of  two  sets  of  lines — one  due  to  an  external  source  of  magne 
sation,  and  one  due  to  the  current  in  the  inductor  itself ; 
produces  its  own  proper  effect,  which  can  be  considered  cntir 
apart  from  the  effect  of  the  other. 

Now,  when  the  current  flowing  through  a  conductor  is  a  ste 
current  in  one  direction  and  of  constant  value,  the  field  due  to  ' 
renuiiis  unvarying  in  intensity  and  position  relatively  to  the  < 
ductor.     Hence,  if  it  be  a  steady  current  wWch  wc  liavc  Mppoecd^ 
to  be  flowing  in  our  conductor,  then,  even  though  it  be  moved  { 
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space,  as,  in  fig.  34,  by  rotation  round  (lie  axis  of  a  spindle,  it 
carries  lis  own  field  along  with  it,  and  therefore  can  never  by  its 
own  movement  cut  its  men  lines.  At  any  point  lying  in  its  path, 
and  through  which  it  cither  will  pass  or  has  already  passed,  the 
number  of  lines  transversal  to  its  length  may  be  more  than  the 
number  due  to  the  external  field  within  any  given  area,  but  it 
not  either  cut  or  have  cut  this  increased   number,  since  it 

ies  along  with  it  its  own  lines,  which  have  so  increased  the 
original  field.  But  a  further  possibility  still  remains,  and  this  is 
that  the  lines  due  to  the  current  may  by  their  own  movement  cut 
the  conductor ;  and  this  does,  in  fact,  take  place  whenever  the 
current  begins,  or  ends,  or  varies  in  strength.  When  a  current 
starts  to  flow  in  a  conductor  the  magnetic  field  surroimding  it  has 
to  be  called  into  existence  ;  and  we  may  picture  to  ourselves  this 
process  by  means  of  the  conception  of  the  circular  lines,  shown  in 
fig.  7,  being  thrown  off  from  the  central  axis  of  the  conductor  and 
gradually  expanding  outwards  like  the  circular  ripples  caused  by 
the  dropping  of  a  stone  into  still  water.  As  the  ring-lines  first 
formed  expand  outwards  and  pass  laterally  across  the  substance  of 
tti  lor  out  into  the  medium  surrounding  it,  new  ones  are 

ci'!  }    being  formed  at  the  centre,  themselves   in   turn   to 

expand  outwards.  Whenever  the  current  increases  in  strength, 
more  rings  are  thrown  off  from  the  centre  of  the  conductor,  .and 
the  field  external  to  it  becomes  more  crowded  ;  while  if  the 
current  decreases  in  strength  all  the  rings  contract  inwards  and 
&ome  pass  into  the  conductor  and  disappear  by  absorption  at  the 
centre.  The  magnetic  circles  behave  like  elastic  rings  stretched 
outwards  by  some  internal  pressure  acting  all  round  them.  Finally, 
when  llie  current  ceases  to  flow,  the  rings,  being  in  a  state  of  strain, 
and  now  being  left  unsupported,  as  it  were,  by  the  falling  current, 
cx>Uapsc  inwards,  cut  the  conductor  transversely  and  disappear 
cnlinrly.     All  such  changes  are  not  instantaneous,    but    take  a 

■  ^n  time — short  it  may  be,  but  still  a  definite  period  of  time. 
.\  <jw  here  we  have  a  case  of  relative  motion  of  field  and  con- 
ductor by  reason  of  which  the  lines  cut  the  conductor  at  a  certain 
late  ;  coniiequently  the  conductor  conveying  a  current  of  varying 
strength  must  also  act  as  an  inductor,  and  an  E.M.I'',  is  set  up  in 
it  proponiooal  to  the  time-rate  at  which  the  lines,  expanding  ot 
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contracting,  cut  the  conductor.     Such  cutting  is  not  due  t " 
movement  of  the  conductor  itself,  but  to  tiie  variations  in 
strength  of  the  current  flowing  in  it,  which  cause  its  own  magne 
field  to  vary,  and  the  E.M.F.  so  produced  is  called  the  E.M.F. 
'  self-induction,'  as  being  induced  by  the  conductor  upton  it; 
Since  the  circular  lines  of  force  surrounding  a  solitary  rcctiline 
conductor  are  in  a  plane  perpendicular  to  the  direction  of  the  flo 
of  the  current  at  any  point,  the  line  of  action  of  the  E.M.F.  whi 
they  produce  must  necessarily  be  the  axis  of  the  flow  of  current ; 
any  point  of  the  circuit.     Its  direction  along  this  line  of  action  has 
next  to  be  considered.     In  fig.  7  let  the  current  passing  down- 
wards through  the  plane  of  the  paper  be  increasing  in  value,  the 
circular  lines  having  the  direction  shown  are  expanding  outwa 
Now,  if  we  place  the  outstretched  right  hand  along  the  conduct©" 
so  that  the  thumb  points  in  the  direction  of  the  lines  of  induc^, 
tion,  and  so  that  their  radial  direction  of  expansion  passes  outwar 
across  or  through  the  hand  from  the  palm  to  the  back,  i.e.  wi^ 
the  palm  facing  inwards  towards  the  centre,  it  will  be  found  th 
the  direction  of  the  self-induced  E.M.F.,  being  from  the  wrist  to 
the  finger-tips,  is   opposed  to  the  direction  of  the  current,  an 
therefore  resists  the  increase  of  its  strength.     If,  however, 
strength  of  the  current  is  decreasing,  and  the  circular  lines  tki 
therefore  contracting  inwards,  the  palm  of  the  hand  must  face  ou| 
wards,  and  the  self-induced   E.M.F.  is  in  the  direction  of 
current,  and  lending  to  keep  up  its  strength.     Again,  therefov 
the  self  induced  E.M.F.  resists  the  change  in  the  current  streng 
by  which  it  is  itself  produced,  and  this  is  in  fact  the  unive 
law  which  governs  its  nature. 

Consider  the  case  of  a  loop  of  wire  (fig.  30)  which  is  rapidly 
pushed  up  to  the  pole  of  a  magnet  from  some  position  outsid 
field  ;  by  the  cutting  of  the  lines  of  the  external  field  an  K 
is  set  up  m  the  direction  of  the  arrow  on  the  loop  :  this  inrr 
in   strength,   since   more  and   more  lines  are  cut   aa  it  nu..^.. 
through  the  denser  field  near  to  the  pole.     Under  the  action  of 
the  E.M.I'',  in  the  closed  loop  n  current  begins  to  flow  ;   bi 
soon  as  this  current  begins,  lines  of  induction  due  to  it  sj- 
outwards  from  the  conductor,  and  fomi  loops  linked  wilii  or 
ing  through  the  loop  of  the  electrical  circuit.     A  second  field 


thus  superposed  on  the  first,  and  the  direction  of  the  lines  of  this 
second  field  as  they  pass  through  the  loop  is  exactly  opposite  to 
that  of  the  first  :  this  is  roughly  indicated  in  the  diagram  by  the 
ted  lines  running  counlLT  to 
full  lines  of  the  original  field. 
It  follows  that  the  rising  current 
ictwJs  to  crowd  the  loop  full  of 
lines    opposite    in    direction   to 
those  of  the  external  field,  or,  in 
other  words,  it  tends  to  reduce  the 
field  strength  through  the  loop, 
jast  at  the  time  when  it  is  being 
increased  by  the  motion.     Con- 
sequently the  rise  of  current  in  f,^  j„        "  " 
the   loop   is   not  so  rapid  as   it 

would  be  if  the  current-  had  itself  no  magnetic  effect,  or  we  may  say 
that  the  current  by  reason  of  the  magnetic  qualities  of  its  circuit 
reacts  on  the  field  strength.  At  any  moment  the  resultant  field  in 
which  the  loop  is  moving  has  a  certain  value  and  distribution,  and 
the  rate  at  which  the  lines  of  this  field  are  cutting  the  conductor  loop 
give*  the  K.MF.  to  which  the  current  strength  at  that  moment  is 
p:  il  ;  but  this  actual  field  may  also  and  more  conveniently 

be;. u  into  two — the  original  field,  and  the  current's  own  field, 

the  effect  of  the  two  being  considered  separately.  At  any  instant 
the  lines  induced  by  the  current  on  itself  are  increasing  at  a  certain 
rate  or  Ijeing  thrown  off  round  the  loop  and  cutting  it,  but  the 
eflcct  of  this  opposes  the  effect  due  to  the  cutting  of  the  external 
firld.  If  we  place  the  right  hand  along  the  conductor  on  the 
inside  of  the  loop,  it  is  the  direction  of  the  two  sets  of  lines  which 
is  different  ;  if  we  place  il  on  the  outside,  it  is  the  direction  of 
movement  of  the  lines  which  is  different.  Hence  the  movement 
of  the  second  field,  due  to  the  fact  that  the  current  is  rising,  induces 
1  counter  or  back  E.M.F.  opposed  to  the  rising  current,  just  as 
*K  prcvinns[y  the  case,  with  the  simple  straight  conductor  ;  but 
in  this  case  where  the  change  in  the  current  strength 
..  ..i.  ..  ;.arjge  in  the  E.M.F.  induced  by  movement  through  the 
ntcriul  field,  the  latter  as  it  rises  in  value  is  continually  opposed 
bf  a  counter  E.M,1''.  of  its  own  creating,  and  the  current  cannot 
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rise  in  strength  as  rapidly  as  the  E.M.F.  imposed  by  the  ex 
field  rises. 

If  the  movement  of  the  loop  is  suddenly  reversed,  and  it  is 
made  to  recede  from  the  magnet,  the  direction  of  the  E.M.F.  will 
be  reversed,  and  so  also  eventually  will  the  current.  But  not  at 
once  ;  the  lines  of  its  own  field  have  to  collapse  upon  the  wire,  to 
be  succeeded  by  fresh  lines  passing  in  the  reverse  direction  through 
the  loop.  The  collapse  of  the  former  lines  inwards  and  the  expan- 
sion outwards  of  the  new  lines  both  cau.se  a  self-induced  E.M.F. 
n  the  same  direction  as  that  in  which  the  current  was  flowing 
this  for  a  time  tends  to  counterbalance  the  new  E.M.F,  impres 
on  the  loop  by  the  external  field,  and  hence  the  current  o^ 
gradually  sinks  to  zero  and  finally  becomes  reversed  in  directio 

From  the  universal  law  that  the  self-induced  E.M.F.  alway^ 
opposes  the  change  in  the  current  strength  of  which  it  is  itself  the 
effect,  the  real  nature  of  self-induction  opens  out  before  us.     I| 
a  certain  property  attaching  to  a  circuit  or  to  a  conductor  regard 
as  forming  a  possible  part  of  a  circuit  in  virtue  of  which  no  chai 
in  the  current  flowing  through  it  can  be  instantaneously  produced. 
If  a  steady  electromotive  force  of  e  volts  be  applied  to  the  ends  i 
a  conductor  of  resistance  k,  the  current  does  not  instantaneou 

p 

rise  to  its  full  value,  as  given  by  Ohm's  law,  viz.  c=«;  it  i 

time  for  it  to  reach  this  value,  since  nt  the  very  moment  whe 
current  starts  to  flow,  it  calls  into  existence  a  back  or  opf 
E.M.F.  dependent  on  its  own  rate  of  increase,  and  this  che 
the  rise  of  the  current.  Similariy  if  the  E.M.F.  be  instantaneou 
removed,  the  current  shrinks  to  zero,  not  instantaneously,  but 
gradual  decrease  of  strength.  The  reason  must  be  sought  in  ( 
fact  that  the  current  is  indissolubly  connected  with  the  prcscJi 
of  a  magnetic  field  due  to  it,  and  when  the  current  is  started,  or 
stopped,  or  altered  in  value,  this  field  has  also  to  be  crt:ated, 
destroyed,  or  altered.  The  analogy  of  the  electrical  propcrtyj 
'  self-induction '  to  the  mechanical  property  of  '  inertia '  at 
strikes  us  ;  in  virtue  of  the  property  of  inertui  which  att.ichci 
any  mass  of  matter,  a  definite  velocity  cannot  be  given  to  it  j 
stantaneously,  or  destroyed  instantaneously,  nor  can  it  be  insi 
taneously  altered  to  another  value  ;  a  fact  which  is  most 
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tons  in  the  case  of  the  starting  from  rest,  or  stopping,  or  altering 
of,  a  hca\7  body  such  as  a  flywiieel.  When,  however, 
the  term  electro-magnetic  inertia  to  the  property  of  self- 
ittduclion,  it  must  be  clearly  understood  that  the  current  itself  has 
no  property  analogous  to  inertia  ;  it  is  only  to  the  current  as  pro- 
ducing a  magnetic  field  that  the  prof)erty  attaches.  For  with  the 
sanie  current  flowing  round  a  circuit,  the  self-induction  can 
lie  altered  very  greatly  by  any  change  which  affects  the  magnetic 
field  surrounding  the  circuit ;  and  it  is  therefore  a  truer  view  to 
regard  every  circuit,  or  portion  of  a  circuit,  as  possessing  a  definite 
ptx>peTty  other  than  its  electrical  resistance,  but  which  in  con- 
junction with  its  electrical  resistance  determines  the  strength  of 
current  flowing  through  it  at  any  instant  under  any  E.M.F, ;  and 
this  quality  of  the  circuit  is  briefly  called  its  '  inductance,'  since 
upon  it  depends  the  E.M.F.  of  self-induction.  Obviously  the 
inductance  of  a  circuit,  or  portion  of  a  circuit,  will  be  dependent 
on  the  magnetic  qualities  which  determine  the  number  of  lines 
of  induction  connected  with  it,  when  a  given  current  is  flow- 
ing, and  hence  is  governed,  not  only  by  the  geometrical  form  or 
»ha{>c  of  the  conducting  path,  but  more  especially  by  the  presence 
<rf  iron  within  or  near  it. 

Two  simple  cases  will,  however,  serve  to  indicate  the  nature  of 
the  property  which  wc  call  '  inductance,'  and  for  this  purpose  let 
n  fint  consider  a  single  loop  of  wire  surrounded  by  air,  such  as 
fig.  9,  in  which  case  the  lines  of  induction  due  to  a  current  round 
it  ttarcrrse  a  medium  of  constant  permeability.  As  we  have  seen, 
Ibty  all  p,x».s  through  the  loop,  and  are  linked  or  looped  with 
il  circuit  once,  so  that  when  the  E.M.F.  causing  the 
cmoved  from  the  loop,  and  the  current  is  diminished 
10  ccTD,  each  line  vanishes  into  the  wire,  cutting  it  once  ;  and 

process  takes  place  with  a  certain  time-rate  of  disap|>earance, 
ling  on  the  rapidity  of  the  change  in  the  current.      The 

ictarK:c  of  such  a  loop  is  equal  to  the  number  of  linkages 
with  the  wire  when  unit  current  is  flowing  round  the 
Itsp  ;  «o  that  if  z  =  the  total  induction  through  the  loop  when 
1=  the  strength  of  current  in  it,  the  'inductance'  of  the  wire 

it  L= -. ;  and  this  quantity  is  so  related  to  any  change  of  current 
i 
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strength  that  if  the  latter  be  varied,  and  the  rate  of  change  be 


di 
It' 


symbolised  by  ^,  the  E.M.F.  of  self-induction  is  e,= 

minus  sign  signifying  that  if  the  strength  of  current  be  increas 
the  direction  of  the  self-induced  E.M.F.  is  negative  or  opposed  I 
its  increase. 

Next  let  us  place  several  such  loops  side  by  side,  so  as 
form  a  heHx  or  solenoid,  as  in  fig.  31.     Again,  we  know  that  th 
lines  of  induction  pass  in  the  main  right 
through  the  coil ;  but  this  is  not  true  ) 
all  the  lines,  since  some  leak  out  at  \ 
sides  of  the  solenoid,  and  so  only  pa 
through    a    few  of    the   loops.     Ir 
solenoid,  therefore,  a  line  may  be  linkd 
more  than   once  with  the  conductij 
circuit,   and   the   greater  number 
linked  with  or  thread  through  all 
loops  of  the  solenoid.    In  the  diagra 
where  batches  of  lines  are  indicaS 
by  single  dotted  curves,  100  lines 
linked  with  all  four  loops,  and  50 
two   loops,  so   that   the   total   numl>er  of  linkages   is   (4  x1c 
+(50X2)=soo;  if  the  current  ceases  to  flow,  each  of  the 
lines  vanishing  by  contraction  cuts  through  the  electrical  cir 
four  times,  and  each  of  the  fifty  lines  cuts  through  two  loop 
consequently  the  effect  of  such  alteration  must  depend  upon 
number  of  times  that  the  lines  are  linked  with  the  wire,  and  1 
merely  upon  the  total  number  of  lines  of  induction.     If  x^|l 
number  of  such  linkages  when  unit  current  is  flowing,  the  indu 

ance  of  the  solenoid  is  l=  '-,  and  again  the  E.M.F.  of  self-indue* 

tion  is  —  L  -/.    If  t  is  in  C.G.S.  measure,  i,  is  given  in  absold 
at 

units  of  E.M.F. ;  but  if  l  is  in  practical  imits  of  inductance 

which  the  name  '  henrj- '  has  been  lately  projjosed,  in  hu 

American  scicnti.1l,  Prof.  Joseph  Henr)-),  (,  is  given  in  v 

X  is  reckoned  in  amperes,  the  practical  unit  of  th«  henry  J 
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)ut  now  if  we  insert  an  iron  core  into  the  solenoid,  or  in  any 
the  case  by  the  presence  near  the  solenoid  of  iron, 
;i  e  is  no  longer  a  constant  quantity,  but  varies  with 
igth  of  current  under  consideration,  and  the  variations  in 
can  only  be  adequately  represented  by  some  graphical 
More  than  this,  the  term  '  inductance,'  when  applied  to 
STts  embracing  iron  or  other  magnetic  media,  admits  of  more 
one  definition,  and  these  result  in  different  values  under  the 
circumstances.  In  dynamo-electric  machines  iron  is  almost 
riably  present,  and  in  consequence  the  inductance  of  circuits 
:  part  of  them  is  often  a  subject  of  no  little  intricacy.  Yet 
.such  cases  it  often  suffices  as  a  first  approximation  to 
L  as  the  ratio  between  the  E.M.F.  of  self-induction  and 
tinoe-rate  of  change  in  the  current  strength  which  produces  it, 
[as  a  constant  quantity.' 

It  is  evident  from  a  consideration  of  the  case  of  an  increasing 
»l  which  is  directly  opposed  by  the  self-induced  E.M.F.  that 
liter  cannot  be  the  cause  of  the  flow  ;  there  must  \x.  another 
1.  in  the  same  direction  as  the  current,  which  is  greater  than 
E.M.F.  ;  further,  that  the  actual  E.M.F.  causing  the  flow 
It  is  the  difference  between  the  two.     We  must  therefore, 
I  where  the  current  is  altering  in  value,  distinguish  care- 
twecn  (1)  the  impressed  E.M.F.  ;  (2)  the  E.M.F.  of  seJf- 
^on  ;  and  (3)  the  resultant  E.M.F.,  which  immediately  causes 
'  of  current,  and  the  value  of  which  at  any  moment  is  equal 
gebraic  sum  of  the  values  of  the  other  two.     In  any  con- 
forming part  of  a  closed  circuit  and  conveying  a  current 
'  le  a  certain  E.M.F.  '  impressed '  upon  it,  and  to  which 
through  it  is  ultimately  due  ;  this  impressed  E.M.F. 
be  a  difference  of  potential  applied  to  it  from  without,  or 
within  its  own  limits,  as  in  a  battery  ;  or,  again,  it  may  be 
.F.  generated  in  it  by  movement  relatively  to  a  magnetic 
the  loop  of  fig.  30,  m  discussing  which  we  have  already 
Bhcd  between  the  E.M.F.   impressed  on  it  by  its  move- 

'  fuiikn  treatment  of  the  subject  the  reader  may  be  referred  to  Tkt 

Currtnl   '/rani/ormer  (Fleming),  Chaplcrs  II.  .and   IIL  ;  also  to  a 

'  Indoctance  »ml  it*  proposed  Unit,  the  Henry  '  (Kenclly),  reprinleJ  io 

f  Mt^ixtr,  January  3  and  9,  1891. 
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mem  through  ilie  external  field  and  the  E.M.F.  of  sclf-inductn 
The  general  law  I^y  which  the  three  E.M.F.'s  are  related  is  tha 
<',=lhe  impressed  E.M.F.  at  any  moment,  and  f,=the  sclf-indu( 
E.M.F.  at  the  same  moment,  the  resultant  E.M.F.  to  which  i 
current  is  then  proportional  is 

the  proper  algebraic  sign  depending  on  the  question  whether  i 
current  is  increasing  or  decreasing  in  strength.  At  any  insta 
and  under  all  circumstances,  the  current  flowing  in  any  conduc 

is  f  =  — ,  as  given  by  Ohm's  law  ;  but  it  is  only  when  the  cur 

constant  in  direction  and  value,  and  therefore  e,  =0,  that  e—  1 

therefore  c=.—  . 

Take  the  case  of  a  steady  E.M.F  such  as  that  of  a 
impressed  on  a  simple  electrical  circuit  of  resistance  r  wh 
contains  no  other  source  of  impressed  E  M.F.  As  soon  as  1 
circuit  is  made,  a  current  begins  to  grow,  evoking  a  back  E.M 
opposed  to  its  growth  ;  hence  *•=<•,  —  £■„  or  f,=c  4-<r^ 

Now  to  what  does  this  division  of  the  impressed  E.M.F.  i| 
two  portions  correspond  ?    The  answer  is  that  two  different  kit 
of  work  are  being  done.    In  the  case  of  a  motor  to  the  armature 
which  electrical  energy  is  being  supplied  at  the  rate  of  EC  wa 
the  impressed  E.M.F.  is  divisible   into   two  portions,   the  ( 
equal  to  the  E.M.F.  which  is  required  to  drive  the  current  throi 
the  resistance  k„,  i.e.  equal  to  cUj,  and  the  other  equal  to  the  bj 
E.M.F.  e  dcvelofied  by  the  motor,  or  e  =CR„+f  :  the  work  d« 
is    similarly  divisible   into    two   portions,  one   corresponding 
(:-'k„,  which  appears  as  heat,  and  tiie  other  corresponding  to 
which  ap|>ears  as  mechanical  work  done  in  lurnin);  the  mo 
against  the  resistance  of  its  load.     In  exactly  the  - 
rate  of  cJtpenditurc  of  energy  when  an  impressed  L. 
current  whose  strength  is  varying  to  flow  in  a  circuit  of  reust 
may  be  divided  into  two  portions  ;  the  one  corr 
tlie  rate  at  which  energy  is  being  dissijuted  in  tin 
form  of  heat,  and  the  other  to  the  rate  at  which  cner 
«ored  up  in  the  magnetic  field.     If  «•„  t„  and  t  be  the'' 
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e  same  moment  of  the  impressed  E.M.F.,  self- 
M.F.,  and  the  actual  current  then  flowing,  the  former  is 
i  r*R,  ihe  latter  to  re,  Init  the  total  rate  of  expenditure  of 

ir  ;  consequently  when  the  field  is  being  created 
f,  =<•+<•,. 
reation  of  a  magnetic  field,  therefore,  demands  energy 
ahsortied  in  the  process  ;   but  when  once  the  field  is 
d,  i.e.  when  a  steady  current  is  set  up,  no  further  expen- 
energj-  is  required   to   maintain    it.       That   a   certain 
of  energy  is  in  reality  absorbed   in   the  creation  of  the 
ic  field  round  the  conductor  is  evident  from  the  fact  that, 
,h  so  absorbed,  it  is  not  irrecoverable,  but  is  as  it  were 
up  and  con  be  liberated.      For  suppose  o  to  be  instan- 
tly withdrawn  ;  then  the  selfinduced  li.  M.F.  tends  to  keep 
rent  flowing,  and  docs  actu.illy  do  so,  since  the  current  only 
Ipo  after  a  certain  [lerind  of  time.    During  this  time  work  is 
■he  in  the  circuit,  the  energ\'  stored  uii  in  the  magnetii'.  field 
wing  as  heat,  e^.  in  the  spark  which  occurs  when  the  circuit 
The  same  is  true  if  the  impressed  E.M.F.  is  gradually 
for  the  current  falls  less  rapidly  than  the  impressed 
and  in  general,  when  the  magnetic  field  is  being  de- 
f=e—e^  The  analogy  of  a  flywheel  revolving  between  bear- 
;  when  being  started,  work  has  to  be  done  upon  it,  which 
than  the  work  absorbed  by  friction  by  the  amount  which 
ircd  to  impart  a  certain  angular  velocity  to  it.     ^Vhen  once 
has  been  got  up,  and  is  kept  constant,  all  the  work  done 
n  overcoming  its  frictional  resistance ;  but  when  the  turning 
rithdrawn,  the  kinetic  energy  possessed  by  the  wheel  keeps 
5  until  it  is  itself  absorbed  by  the  friction,  and  during  this 
ark  is  done  l)y  the  wheel  against  its  frictional  resistance. 
le  atove  case  of  a  simple  circuit  to  which  an  R.M.F.  is 
it  is  easy  to  see  that  energy  is  stored  up  when  a  magnetic 
r«!flted,  and,  since  the  strength  of  the  latter  depends  on  the 
!  qualities  of  the  circuit,  that  the  inductance  is  a  property 
;  to  the  circuit  or  the  conductor  to  the  ends  of  which  a 
;  of  imtcntial  is  applied.    But  in  ll>e  ease  of  a  conductor  in 
'•"  ^'  F  is  generatcfl  hy  movement  through  a  magnetic  field 


A 


THE  DYNAitO 


such  as  the  loop  of  fig.  30^  the  magnetic  effect  of  the  currem  sho< 
itself  by  modi^ng  or  reaeting  en  the  external  field,  and  such  ex- 
pressions as  the  inductance  of  the  loop  and  the  energ 

in  its  field  are  only  legitimate  owing  to  a  roental  sepein: 

actually  existing  field  into  two  component  pans.  It  is  not  thit 
the  loop  first  reacts  on  the  field,  and  then  cuts  the  re- 
field  by  its  own  movement ;  the  resultant  field  moves  rel. 
to  the  conductor,  jiartly  by  reason  of  the  latler's  own  movement, 
and  partly  by  reason  of  change  in  its  own  current,  which  afTectS 
the  strength  and  distribution  of  the  actual  field  ;  to  this  mow- 
ment  of  the  resultant  field  relatively  to  the  conductor  the  resultant 
E.M.F.  is  due  ;  and  if  we  were  to  consider  this  resultant  field,  wt 
must  not  also  credit  the  loop  with  self-induction  or  inductance :  it 
must  then  be  considered  as  a  circuit  possessing  only  resistance. 
It  is,  however,  simpler  at  the  outset  to  treat  the  conductor  ai 
possessing  inductance,  and  so  to  deal  with  the  external  field 
unmodified  by  reaction  of  the  current  on  it 

Two  difTerent  causes  have  now  been  considered,  either  of  which 
may  cause  a  variation  in  the  strength  of  the  resultant  E.M.F.  acting 
on  a  conductor  ;  if  ^,  is  steady  and  constant,  the  circuit  may  be 
nuide,  altered  in  resistance,  or  broken;  that  is,  the  resistance  of  the 
circuit  may  be  varied  within  the  limiting  values  R  and  00  ;  or 
while  K  remains  constant,  ^,  may  itself  be  varied  in  direction  ct_ 
value,  or  both.    The  first  case  deals  with  the  growth  and  decliH 
of  current  in  a  circuit  to  which  a  steady  E.M.F.  is  applied.     T^f 
nd  case  is  the  one  with  which  we  are  chieSy  concerned  in  ^| 
study  of  dynamos,  for  upon  it  depends  the  theory  of  altematcH 
As  before,  c,  always  opposes  a  rising  current  and  assists  a  £difl 
current;  but  now,  as  distinct  from  the  former  case,  we  havea!s^| 
consider  its  relation  to  the  varj'ing  c,.     Reverting  to  the  rotailH 
inductor  of  fig.  34,  it  was  shown  that  the  impressed  E.M.F.  wfl 
not  only  in  direction  but  also  in  value  according    to   a   ceit^| 
function  ol  the  time,  and  these  variations  were  graphically  rc^H 
•enicd  by  a  single-valued  curve  which  during  one  complete  pei^| 
lip  '  isc  from  zero  to  a  positive  maximum,  dien  as  gt|^^| 

W  .  and  Instly  repeated  both  rise  and  fall  on  the  B^^^H 

^H  of  the  zero  line.     Now  if  the  circuit  of  an  alternator  (bt^H 
^pOf  one  or  mor--  >-iir-li  mtniini/  inductors  is  closed,  as  in  iig>^| 
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md  a  current  is  allowed  to  flow,  how  will  the  current  vary  in 
strength  ?  If  the  circuit  have  no  inductance,  but  be  composed 
entirely  of  a  certain  ohmic  resistance,  there  will  be  no  self-induced 
E.M.F.,  and  consequently  the  current  will  alternate  not  only  after 
the  same  law  as  the  impressed  E.M.F.,  but  exactly  simultaneously 
with  it  ;  its  value  at  any  moment  will  be  given  by  dividing  the 
impressed  E.M.F.  at  that  moment  by  the  resistance  of  the  circuit, 
so  that  tlie  cun'e  which  represents  to  one  scale  the  varying  im- 
pressed E.M.F.  will  also  represent  to  some  scale  the  variations  of 
the  current.  But  such  a  case  of  a  circuit  with  no  inductance  is  only 
possible  theoretically  ;  physically  it  will  always  have  some  induct- 
ance, although  it  may  be  so  small  as  to  be  negligible.     AVe  have 
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^^Before  to  consider  the  effect  of  self-induction  on  the  current 
VBTK  ;  and  since  this  latter  will  always  be  identical  in  shape  and 
Ira  with  the  resultant  E.M.F.  cur>'e,  we  require  to  compare 
together  the  curves  of  impressed  E.M.F.  and  of  resultant  E.M.F., 
ud  until  we  have  done  so  we  cannot  assume  that  they  will  be 
identical ;  they  may  not  be  coincident  in  phase,  their  maximum 
tikies  or  heights  may  not  be  alike,  or  they  may  even  be  dissimilar 
'n  ilvjrie.  The  necessity  of  this  caution  will  be  apparent  from  the 
.g  considerations. 

-  2  let  o  p  M  o'  be  any  single-valued  curve  ;  in  this  curve 
.  .Hint,  p,  and  through  p  draw  a  line  pt  tangential  to  the 
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curve  and  making  an  angle  a  with  the  horizontal  axis  oo'. 
it  can  be  shown  mathematically  that  the  rate  at  which  the  ordina 
Q  p  is  mcrcasing  or  decreasing  with  respect  to  o  Q  is  representi 
by  the  trigonometrical  tangent  of  the  angle  of  inclination  a;  or,  i 
it  is  termed,  the  '  slope '  of  the  tangent  at  the  point  p  represea 
the  rale  of  change  of  q  p.  \jA  us  now  plot  a  second  curve,  opm^ 
whose  ordinates  at  any  point  represent  the  slope  of  the  tangent  \ 
the  corresponding  points  on  the  first  curve,  the  horizontal 
CUMnT 
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being  retained  unchanged ;  then  the  ordinates  of  the  second  I 
derived  curve  so  obtained  will  represent  the  rate  of  change  of  I 
ordinates  of  the  first  curve  at  the  same  jxiints  along  the  horizontal 
axis. 

Now  we  may  reasonably  assume  that  the  current  curve  of  j 
alternator  will  alternate,  and  rise  and  fall  somewhat  after  tlie  i 
fashion  as  the  impressed  E.M.F.  curve.   I^t  u 
that  in  fig.  33  the  thick  line  is  the  currc  rei 
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the  strength  of  current  of  an  alternator  for  a  complete  period,  time 
1'  -sented  by  abscissoe  measured  from  the  origin  o  on  the 

Iv  ^  Je  of  the  diagram.   This  curve  need  not  be  symmetrical 

or  expressible  by  a  simple  mathematical  function,  the  sole  assump- 
tion l^eing  that  it  is  single-valued  and  divisible  into  two  half-periods, 
during  which  it  is  in  opjHJsitc  directions  From  this  curve  can  be 
obtained  a  second  derived  curve  (shown  by  a  dotted  line  below), 
ihe  values  of  whicii  represent  to  some  scale  the  slope  of  the 
tangents  to  the  first  curve ;  the  two  curves  of  fig.  a  will  therefore 
represent  respectively  the  .strength  of  the  current  at  any  instant 
and  the  rate  of  variation  of  its  strength  at  any  instant.  It  should 
be  noticed  how  greatly  the  two  derived  curves  of  figs.  32  and  ^,2) 
differ  from  each  other  in  shape  and  character,  although  the  two 
original  curves  both  show  a  wave-like  form  ;  this  difference  is  due 
to  the  fact  ihat  their  rates  of  change  are  different  at  different  points 
of  time,  an  almost  imperceptible  difference  in  the  shape  of  the  two 
originals  completely  altering  the  shape  of  the  derived  curves. 
Further,  in  fig.  32  the  original  curve  is  a  sine  curve,  and  therefore 
symmetrical,  whereas  in  fig.  33  the  two  sides  of  each  half-wave 
are  not  identical,  the  fall  being  shown  more  gradual  than  the  rise. 
Since  the  original  curve  of  fig.  32  is  a  sine  curve,  it  follows  from 
its  mathematical  nature  that  its  derived  curve  is  also  a  simple 
periodic  curve  exactly  analogous  to  its  original,  and,  further,  a  sine 
curve  whose  phase  precedes  the  phase  of  the  original  curve  .by  90°, 
As  the  point  P  in  fig.  32  is  moved  away  from  the  origin  up  the 
cnrvc,  the  angle  o  gradually  diminishes  in  value  ;  at  the  top  of  the 
curve,  tt  =  o  and  tan  a  =  o;  therefore  the  rate  of  change  of  the 
:ite  is  zero  ;  but  as  the  point  p  descends  to  the  zero  line,  tan 
reases  until  the  rate  of  change  reaches  a  maximum  at  o  or  m. 
:  crests  and  hollows  therefore  of  the  derived  dotted  curve  do 
occur  at  the  same  moment  as  those  of  the  original  curve,  since 
higher  the  ordinate  q  p,  the  less  is  its  rate  of  variation,  but  are 
led  forwards  (towards  the  left)  by  one  quarter  of  a  complete 
iod,  or  90°.  Something  of  the  same  nature  is  seen  in  the  derived 
curve  of  fig.  33,  but  a  comparison  of  the  two  cur^-es  will  show  that 
the  n  .    '  ordinate  of  the  dotted  or  derived  curve  does  not 

e»al  I  ond  in  point  of  time  to  the  zero  of  the  original,  and 

that  there  may  l)e  several  crests  and  hollows  in  the  half-period  of 

v     ,m       w 
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the  derived  curve,  even  though  the  original  curve  only  shows  o 
since  the  rate  of  rise  or  fall  of  the  latter  need  not  vary  after  i 
simple  law. 

Now  the  varying  current  produces  a  flow  of  magnetic  lines 
induction  looped  or  interlinked  with  its  conductors,  and  this  fl 
also  varies  in  intensity  ;  for  upon  the  strength  of  the  cum 
depends  the  number  of  lines  of  induction  due  to  itself,  throtl 
the  same  magnetic  circuit,  and  also  the  magnetic  circuit  present 
to  the  loops  of  current  may  itself  be  varying  at  any  instant 
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Fic.  34- 

length  or  nature.  Consequently,  analogous  to  the  two 
current  and  rate  of  change  of  current  there  must  be  two  ot! 
cunes  ;  the  one  representing  the  number  of  lines  induced  by  t 
current  itself  through  the  magnetic  circuit,  which  is  at  any  insta 
presented  to  the  current  loops,  as  connected  with  the  time  duri 
a  complete  period  ;  and  the  other  representing  the  rate  of  char 
of  this  total  induction  with  respect  to  time,  and  derived  from  t 
former.  In  fig.  34  let  the  full  line  be  the  curve  of  self-indue 
lines  plotted  on  the  same  horizontal  axis  of  time  as  the  cum 
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curve  of  fig.  33  ;  these  two  are  not  by  any  means  necessarily  of 
the  same  shape,  since  the  number  of  self-induced  lines  may  not 
vary  directly  as  the  current  under  all  circumstances,  nor  need  the 
phase  of  the  current  curve  and  induction  curve  be  the  same  ;  there 
may  be  a  lag  of  magnetisation  behind  the  magnetising  current  in 
respect  of  time,  and,  as  will  be  shown  hereafter,  where  a  portion  or 
whole  of  the  magnetic  circuit  through  which  the  self-induced 
pass  is  conifKised  of  iron,  there  must  be  such  a  lag,  although 
it  may  be  very  slight  Hence  in  fig.  34  the  curve  of  lines  is  shown 
passing  through  zero  at  an  instant  slightly  later  than  that  at  which 
the  current  curve  passes  through  zero.  From  the  curve  of  self- 
induced  lines  we  can  derive  the  second  dotted  curve  of  fig.  34 
representing  to  some  scale  the  rate  of  change  in  the  number  of 
self-induced  lines  at  any  moment ;  and  this,  as  we  know,  may  be 
•unsymmetrical  with  respect  to  itself  if  the  original  curve  is  unsym- 

metrical.    This  second  curve  represents  at  any  instant  -^,  where 

at 

z,  is  the  total  number  of  self-induced  lines  ;  but  the  E.M.F.  of  self- 

dz 
induction  is  — __.',  the  negative  sign  indicating  that  if  z,  is  increas- 
dt 

ing  by  reason  of  an  increasing  magnetising  current,  the  E.M.F.  of 

self-induction  is  negative  and  acting  to  oppose  the  increase  of  the 

current.     If,  therefore,  we  invert  the  derived  curve  of  fig.  34,  it 

will  also  represent  to  some  scale  the  E.M.F.  of  self-induction  at 

instant,  and  at  the  same  time  indicate  the  direction  of  this 

F.     VVhen  the  number  of  self-induced  lines  is  increasing  in 

litive  direction,  or  decreasing  in  the  negative  direction,  the 

!.F.  is  negative  or  in  a  direction  opposing  a  positive  current  ; 

when  ihey  are  decreasing  in  the  positive  direction,  or  increas- 

in  the  negative  direction,  the  self-induced  E.M.F.  will  be  in 

Ae  positive  direction.     Hence,  if  the  curve  of  lines  shows,  as  in 

%.  34,  a  continuous  increase  of  lines,  and   then  a  continuous 

e  of  lines,  although  the  rate  of  this  increase  or  decrease  may 

•    different  at  different   points,  the  curve  of  self-induced 

E.M.F.  will  pass  through  zero  when  the  total  number  of  self-induced 

lines  is  a  maximum,  and  for  a  whole  period  will  be  divisible  into 

two  portions,  below  and  above  the  horizontal  axis. 

In   fig.  35   let  the  dotted  curve  e,  be  the  doited  curve  o( 
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fig.  34  when  inverted,  being,  therefore,  to  some  scale  the  curve  oftii 
self-induced  R.M.F.  in  volts,  and  upon  the  same  horizontal  ax 
'  of  time  let  us  reproduce  by  the  thick  line  (e)  the  current  curve  i 
fig.  33.  It  will  be  seen  that,  roughly  si^aking,  the  phase  of  th 
self-induced  E.M.F.  lags  90'  behind  the  phase  of  the  current,  bu 
owing  to  the  slight  lag  of  the  induction  behind  the  magnetising 
current,  the  cur%'e  of  self-induced  E.M.F.  does  not  reach  in 
maximum  until  after  the  current  curve  has  pas.sed  through  itszer 
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^NTien  the  current  is  rising  in  the  positire  direction  or  ul- 
in  the  negative  direction,  the  self-induced  E.M.F.  is  negat 
.direction,  so  as  in  both  cases  to  oppose  the  change  of  the  cur 
^strength.     But  the  thick-line  current  curve  will  also  represent 
curve  of  resultant  E.M.F.  provided  that  the  scales  l)c  so  cho 
that  the  same  height  represents  indifiercntly  either  ■ 
one  ampere  multiplied  by  the  resistance  of  the  i:\\' 
y(  the  circuit  under  consideration.     In  fig.  35  this  is  supposed 
tlv  .  .ISC,  so  that  the  volts  of  re.sultant  E.M.F.  can  l>c  rend 
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ihe  curve  E.  We  are  now,  therefore,  in  a  position  lo  deduce  the 
curve  of  the  impressed  li.M.F.,  which  must  have  acted  on  the 
ttortion  of  the  circuit  under  consideration  in  order  that  with  the 
assunted  conditions  the  zwxsc  of  resultant  E.^[.F.  should  have  the 
shape  shown  in  the  diagram.  Since  we  have  obtained  curves 
which  determine  for  us  the  signs  at  any  moment  of «  and  e„  we 
can  write  our  equation  of  p.  84  as  c,=.e  —  e„  and  have  only  to 
subtract  the  ordinates  of  the  self-induced  E.M.F.  curve  from  the 
ordinaics  at  the  same  points  of  the  resultant  E.M.F.  curve  and 
plot  their  difference  as  a  tliird  curve,  due  regard  bemg  paid  to  the 
algebraic  sign  of  the  ordinates  ;  the  third  thin-line  curve  so 
obtained  (k,)  will  be  the  required  curve  of  impressed  E.M.F.  in 
volts.  Or  if  we  had  been  given  the  curves  of  e,  and  e,  we  could 
have  deduced  the  curve  of  e,  Two  striking  facts  now  come  to 
tight  :  the  first  is  that  the  result  of  combining  the  curve  of  self- 
induced  E.M.F  with  the  impressed  E.M.F.  curve  may  very 
materially  modify  the  shape  and  form  of  the  resultant  E.M.F. 
cume  as  compared  with  the  latter  ;  for  example,  the  curve  of 
impressed  E.M.F.  shown  in  fig.  35,  and  deduced  logically  from 
the  previous  curi'cs,  is  strictly  a  sine  curve,  yet  the  curve  of  resul- 
tant E.M.F.  is  not  a  sine  curve,  and  is  not  even  symmetrical  on 
its  ascending  and  descending  sides.  Secondly,  while  the  self- 
induced  E.M.F.  always  opposes  a  rising  e„  it  does  not  always 
assist  a  falling  r,.  From  this,  two  important  consequences  follow  ; 
(i)  Since  the  self-induced  E.M.F.  does  not  always  assist  a  falling 
e„  but  docs  always  assist  a  falling  current  or  falling  resultant 
E.M.1''.,  the  cur\'e  of  resultant  E.M.F.  cannot  coincide  in  phase 
with  the  impressed  E.M.F.  curve,  but,  on  the  contrary,  the 
current  cun'e  lags  behind  the  curve  of  impressed  E.M.F.  by  a 
certain  time  or  angle  depending  on  the  inductance  of  the  circuit. 
{»)  So  long  as  the  self- induced  lines  continue  to  rise,  however 
iJowly,  there  is  some  self-induced  E.M.F.  opposing  the  impressed 
E.M.F.  ;  but  at  the  instant  when  they  are  at  their  maximum,  and 
the  self-induced  E.M.F.  is  zero,  the  curve  of  resultant  E.M.F.  cuts 
the  cun'c  of  impressed  E.M.F.  Where  this  point  of  intersection 
b  entirely  depends  upon  the  curve  of  self- induced  lines,  and  this 
depends,  not  only  on  the  curve  of  magnetising  current,  but  also  on 
tbc  magnetic  circuit  through  which  at  any  instant  it  is  inducing 


lines.  Hence,  if  the  curve  of  self-induced  lines  continues  to  ris 
after  the  current  curve  has  begun  to  fall,  owing  to  a  more  than 
proportionate  decrease  in  the  reluctance  of  the  magnetic  circuit, 
the  curve  of  resultant  E.M.F.  will  cut  the  impressed  E.M.F.  at  a 
point  after  it  has  reached  its  own  maximum,  as  in  fact  is  shown  in 
fig-  35-  If.  however,  the  maximum  number  of  self-induced  lines 
coincides  in  time  with  the  maximum  strength  of  the  current,  the_ 
highest  value  of  the  resultant  E.M.F.  will  be  its  point  of  inte 
section  with  the  curve  of  impressed  E.M.F.  Further,  a  fix 
magnetic  circuit  always  permits  of  an  increase  of  the  number  ( 
lines  of  induction  through  it,  when  the  magnetising  current 
increased.  If,  therefore,  the  impressed  E.M.F.  is  never  constan 
but  a/ways  altering  in  value,  the  curve  of  self-induced  lines  ne 
becomes  a  straight  line  (unless  the  magnetic  circuit  be  altered 
as  to  exactly  counterbalance  the  changing  current — a  rare  pos 
bility) ;  hence  there  is  a  definite  self-induced  E.M.F.  at  the  moment 
when  the  impressed  E.M.F.  reaches  its  maximum,  and  the  poic 
of  intersection  must  be  subsequent  to  the  point  of  highest  ic 
pressed  E.M.F. ;  in  other  words,  e  can  never  attain  as  high 
value  as  e,. 

The  whole  may  easily  be  illustrated  by  the  case  ot  a  flywhe 
to  which  is  applied  a  turning  force,  which  not  only  alternates  i 
the  direction  in  which  it  tends  to  turn  the  wheel,  but  also  vari^ 
in  value  from  zero  to  a  maximum  strength,  and  thence,  passiti 
through  zero,  to  a  maximum  in  the  opposite  direction.     Supp 
that  the  wheel  is  rotating  in  the  positive  direction,  and  the  turning 
force  changes  to  the  negative  direction;  the  wheel  cannot  inst      ' 
change  its  direction,  and  it  continues  to  rotate  for  some  little 
in  its  old  direction  ;  consequently  its  speed  does  not  become  ; 
until  the  turning  force  has  acted  for  a  certain  time  in  the  negatii 
direction,  and  so  for  each  change.     The  phase,  therefore,  of  tfa 
wheel's  velocity  would  lag  lx:hind  the  phaiie  of  the  turi! 
Further,  since  the  turning  force  is  never  steady,  but  v.i 
tinuously,  the  ll)'wheel  would  never  reach  the  maximum  vclocil 
corresponding  to  a  steady  turning  force  equal  in  strength  to 
n^aximura  value   of  the  alternating  force,  since  iK'fure  rcachii 
such  a  velocity  the  value  of  the  turning  force  1. 
decrease,  and  in  just  thi-  same  way  the  resiilian! 
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the  impressed  E.M.F.,  and  its  maximum  value  is  less  than  the 
mixiinum  value  of  the  impressed  E.M.F. 

As  in  tlie  case  of  the  loop  of  fig.  30,  so  now  we  may  regard  the 
resultant  E.M.F.  as  that  produced  by  relative  movement  between 
the  inductors  and  the  actual  field  which  exists  at  any  moment. 
This  actual  field  will  be  the  field  due  to  an  external  magnetising 
current  as  modified  by  the  reaction  on  it  of  the  induced  current  ; 
this  will  in  general  weaken  the  original  field  and  shift  the  position 
vfaac  the  rate  of  cutting  is  a  maximum,  thus  accounting  for  the 
different  height  and  position  of  the  cur^'e  of  e  as  compared  with 
the  curve  of  Ej.  When  so  regarded,  the  alternator  must,  as  pointed 
out  before,  be  considered  as  inductance-less. 

It  has  been  stated  previously  in  general  terms  that  the  rate  of 
development  of  electrical  energy  throughout  an  entire  circuit  or  in 
any  portion  of  it  is  equal  to  the  product  of  the  volts  of  E.M.F. 
■cting  in  it,  and  the  amperes  of  current  which  flow  through  it 
under  that  pressure.  But  now,  in  the  case  of  an  alternator  or  an 
alternating  current,  we  see  that  the  voltage  and  strength  of  current 
are  continuously  varj'ing  after  some  periodic  law,  and  the  question 
therefore  arises.  What  number  of  volts  and  what  strength  of  current 
we  are  to  multiply  together  in  order  to  arrive  at  the  power  which 
is  being  developed.  Obviously  not  the  maximum  values  of  E.M.F, 
and  current,  since  at  another  portion  of  the  period  they  both  fall 
to  zero :  it  must  be  some  mean  value  of  the  two  which  will  fairly 
re{)rescni  tlieir  average  magnitudes  throughout  an  entire  period. 
The  principle  on  which  this  question  is  solved  is  the  same  as  that 
which  underlies  our  first  simple  rule ;  it  must,  however,  be  now 
expressed  in  more  explicit  terms.  In  any  portion  of  a  circuit  the 
rate  of  development  of  electrical  energy  at  any  instant  is  equal  to 
the  product  of  the  current  which  is  then  flowing  in  that  portion  of 
the  circuit  and  the  E.M.F.  which  is  impressed  upon  it  at  that 
instant.  Thus,  in  fig.  36,  if  the  thick  line  represents  the  curve  of 
current  in  amperes  flowing  through  any  portion  of  a  circuit,  and 
the  thin  line  represents  the  corresponding  curve  of  E.M.F.  in  volts 
which  is  impressed  upon  that  portion,  the  rate  of  development  of 
energy  in  watts  at  any  instant,  a,  is  equal  to  the  product  of  the 
unlinates  ah,  ac,  which  represent  the  impressed  volts  and  the 
■pcTcs  flowing  at  that  instant.     By  thus  multiplying  together  a 
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number  of  simultaneous  values  of  the   impiessed    E.M.F. 
current,  and  plotting  their  products   along   the  same  horizontaL 
axis,  we  should  obtain  a  third  curve  (shown  with  a  shaded  frin| 
in  fig.  36),  representing  the  instantaneous  rate  of  development  1 
electrical  energy  throughout  an  entire  period,  and  the  area  whic 
it  encloses,  being  the  product  of  power  and  time,  represents  wo^ 
done.     In  so  doing  we  must  pay  attention  to  the  algebraic  sig 
of  the  E.M.F.  and  current,  all  ordinatcs  above  the  horizontal  lij 
being  reckoned  as  +  and  all  below  as  —  ;  and,  further,  if  tbc 


Fig.  36. 

product  be  positive,  it  must  be  plotted  above  the  horuontal 
as  positive  work ;  if  negative,  l^low  it,  as  negative  work.  Sic 
the  product  of  two  quantities,  one  +  and  the  other  — ,  isncgatil 
the  product  of  two  ordinatcs  is  negative  unless  Iwth  are  eit 
above  or  below  the  horizontal  line,  i.e.  positive  work  is  done  on 
when  current  and  impressed  Iv.M.F.  are  m  the  same  dircciio 
Now,  to  what  docs  this  distinction  between  p 
work  correspond?     Again   the   llywhc^-1  an-ci  If 

whenever  the  roution  of  tlic  flywheel  is  in  Uie  same  direction  1 
that  of  the  turning  force^  the  turning  agent  ii  doing  poritive 
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On  the  wheel ;  but  wlienever  the  direction  of  rotation  of  the  wheel 

b  opposite  to  that  iti  which  the  turning  force  is  endeavouring  to 

route  it,   the   flywheel   is  doing  work  on  the  turning  agent,  or 

negative  work  is  done.     In  exactly  the  same  way,  whenever  the 

current  is  in  the  same  direction  as  the  impressed  E.M.F.,  positive 

work  is  done  by  the  impressed  E.M.F.  ;  but  whenever  the  current 

is  flowing  against  the  impressed  E.M.F.,  negative  work  is  done, 

the  current   being   forced   against  the  impressed  E.M.F.      The 

'ility  of  this  is  due  to  the  fact  that  the  positive  work  of  an 

aor  is  divisible  into  two  separate  portions  ;    one  part  is 

cjpcnded  in  healing  resistances  or  in  forcing  a  current  against  a 

back  E.M.F.  due  to  causes  external  to  itself,  as  in  transformers, 

Ixjih  being  useful  work  so  far  as  the  alternator  is  concerned  ;  the 

other  part  is  work  done  on  its  own  magnetic  field.     This  latter  is 

ttored  up,  and,  at  a  later  portion  of  the  periodic  lime,  is  again 

restored  when  the  magnetic  field  docs  work  on  the  circuit,  this 

being  negative  work  so  far  as  the  impressed  E.M.F.  is  concerned. 

Consequently  the  total  useful  work  done  by  the  alternating  current 

and  E..M.F.  in  one  complete  period,  or  the  total  energy  transformed 

from  electrical  energy  into  heal  or  other  useful  work,  is  measured 

bj  the  difference  of  the  two  areas,  if  we  add  together  the  negative 

»nd   subtract    them    from    the   positive  areas   enclosed    by    the 

fnngcd  curve  in  fig.  36.     It  will  be  seen  that  the  wavy  character 

of  this  curve  is  due  to  the  fact  that  current  and  E.M.F.  are  con- 

ually  varying,  but  the  appearance  of  the  negative  work  (shown 

)  IS  solely  due  to  ilie  '  lag '  of  the  current  curve  behind  the  im- 

d  E.M.F.  curve,  by  reason  of  which  the  impressed  E.M.F. 

:  '-urrent  can  be  in  opix)site  directions  ;  and  this  lag  is  solely 

aused  by  the  inductance  of  the  portion  of  the  circuit  considered, 

■     '1  therefore  indirectly  determines  the  respective  amounts  of 

■•  isitivc  and  negative  areas.     The  greater  the  lag,  the  smaller 

the  net  amount  of  work  done.     If  the  lag  of  the  current  curve  were 

'•■  --icjunl  to  as  much  as  a  quarter  of  a  period,  the  entire  current 

licing   retarded    in   phase   by   an   angle   of  90''   as  com- 

1   with  the  E.M.I',  curve,  so  that  the  current  value  is  zero 

.-_a  llic  impressed  E.M.F.  is  a  ma.\imum,  and  w«  trr^J,  then 

the  two  rtt^ative  areas  would  be  exactly  equal  to  the  two  positive 

ueu^  and  therefore  the  total  work  done  in  a  period  would  be 
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zero,  the  explanation  being  that  the  magnetic  field  gives  bac 
much  energy  in  the  second  and  fourth  quarters  of  a  period  as 
previously  developed  in  the  first  and  third  quarters  by  the  sou 
of  the  impressed  E.M.F.     On  the  other  hand,  if  there  is  no  i 
ductance  and  no  lag,  there  is  no  negative  work  done,  since 
phases  of  E.M.F.  and  current  coincide.   Both  cases  arc  imposssi 
practically,  but  serve  to  indicate  the  theoretical  limits  to  whicB 
practical  cases  approximate  more  or  less  closely. 

Given,  therefore,  the  two  curves  of  impressed  E.M.F.  and  cur 
during  one  complete  period,  we  can  deduce  a  curve  whose 
represents  the  work  done,  and  whose  ordinates  represent 
power  developed  at  any  instant.  The  mean  power  or  mean  rate  of 
development  of  energy  will  be  the  mean  of  all  the  values  of 
product  of  current  and  impressed  E.M.F.  taken  over  a  sufficier 
long  time  ;  since  we  have  supposed  that  the  E.M.F.  and  curr 
vary  periodically,  so  that  the  curves  continually  repeat  ihemseh 
after  each  period,  it  will  suffice  to  consider  the  mean  of  all 
values  during  one  period  ;  so  long  as  the  conditions  are  unchang 
any  other  complete  period  or  periods  will  give  the  same  result. 
The  mean  value  of  the  power  during  one  period  will  evidently  be 
represented  by  the  mean  ordinate  to  the  cur\'c  of  power,  i.e.  - 
ordinate  o  d  (lig.  36)  of  such  a  height  that  when  multiplied  by  1 
length  00'  the  area  of  the  rectangle  so  formed,  oJeo',  is  e<.\& 
to  the  resultant  work  done,  or  the  difference  between  the  areas 
positive  and  negative  work.  This  mean  ordinate  will  give  the 
power  developed  in  the  circuit  or  portion  of  a  circuit  considere 

The  whole  of  the  above  is  applicable,  not  only  to  any  portii 
of  a  circuit,  but  also  to  the  circuit  as  a  whole  ;  in  the  case  o 
alternator  supplying  energy  to  the  external  circuit,  its  total 
of  development  of  electrical  energy  is  equal  to  the  mean  ordir 
to  a  curve  formed  by  multiplying  together  simultaneous  va 
Its  induced  E.M.F.  and  current,  and  its  output  or  rate  of  dcvclo 
nicnt  of  energy  in  the  external  circuit  is  equal  in  ihc  mean  ordir 
of  a  curve  formed  by  multiplying  together  simultaneous  vo 
the  E.M.F.  impressed  on  the  external  circuit  from  its  tcrmu 
and  of  the  current  flowing  in  that  circuit,     It  must  be  rememt 
that  the  E.M.F.  impressed  on  the  external  circuit  need 
identical  with  the  curve  of  resultant  E.M.F.  for  the  external  t 
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and  in  (act  will  only  be  so  \i  the  external  circuit  be  a  simple  ohmic 
ttsisiancc  without  inductance. 

The  determination  of  either  the  total  power  or  the  output  of 
an  alternating  dynamo,  as  so  far  described,  is  necessarily  tedious  : 
it  m\'olves  a  knowledge  of  the  exact  curves  of  E.M.F.  and  current 
—neither  of  which  are  usually  known — the  multiplication  of  their 
sitnuliancous  values,  and  the  discovery  of  the  mean  ordinate  to 
the  curve  so  formed.  A  simpler  process  is  desirable,  provided 
that  such  a  process  is  accurate  enough  for  practical  purposes.  In 
the  previous  explanation  of  the  behaviour  of  alternating  currents, 
the  effect  of  self-induction  has  been  expressed  in  more  or  less 
ueral  terms,  independent  of  the  exact  type  of  the  curves  drawn 
assumed,  but  in  the  discovery  of  the  simpler  process  now 
reqtiircd,  the  laws  which  govern  the  shape  of  these  curves  must 
be  considered  further.  It  has  been  said  that  if  the  full-line  curve 
of  fig.  32  is  a  sine  curve,  it  follows,  from  the  mathematical  nature 
of  a  sine  curve,  that  the  curve  derived  from  it  and  expressing  its 
rate  of  change  will  also  be  a  sine  curve  of  the  same  periodic  time, 
hut  differing  by  90°  in  its  pliase.  If,  therefore,  the  current  curve 
piece  of  alternating  machinery  is  a  sine  curve,  and  if  its 
ictance  be  strictly  constant  throughout  the  whole  periodic  time, 
and  the  hncs  of  induction  due  to  the  current  are  strictly  propor- 
tional to  the  current,  and  follow  simultaneously  upon  its  variations, 
the  curve  of  self-induced  lines  (fig.  34)  will  be  a  sine  curve  ;  conse- 
v  the  dotted  curve  derived  from  it,  which,  when  inverted, 
,  -iits  the  self-induced  E.M.F.,  will  also  be  a  sine  curve  of  the 
Bune  periodic  time,  but  differing  by  90°  in  its  phase.  Further,  if  two 
I  curves  be  combined  together,  as  was  done  on  p.  93,  the  third 
»c  so  deduced  is  a  sine  curve  of  the  same  periodic  time,  but 
ig  in  phase  from  either  of  the  two  component  curves,  and 
:  the  curve  of  impressed  E.M.F.  (in  fig.  35)  will  be  such 
Fig.  37  shows  such  a  combination  of  two  sine  curves  to 
rij,  and  it  is,  therefore,  the  counterpart  of  fig.  35  on 
iiion  tliiit  the  curves  of  current  and  E.M.F.  are  sine 
omres.  From  a  comparison  of  the  two  figures  it  will  be  seen  that 
t  chief  difference  is  that  in  fig.  37  there  is  a  definite  angle  of 
[  ( 1 8*  in  the  diagram)  between  the  current  and  impressed  E.  M,  F. 
anvcs.    Not  only  does  the  former  pass  through  its  zero  at  a  certain 
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angle  behind  the  zero  of  the  impressed  E.M.F.,  but   it 
through  its  maximum  with  the  same  angle  of  lag.     Further,  i 
maximum  ordinate  of  the  current  curve  coincides  with  its  point! 
intersection  with  the  impressed  E.M.F.,  and  lastly  the  maximil 
value  of  the  resultant  E.M.F.  is  necessarily  less  than  the  maximum^ 
ordinate  of  the  impressed  E.M.F.     The  effect,  therefore,  of  cc 
stant  inductancein  anyportionof  acircuit  traversed  by  an  altemali 
current  is  to  shift  the  entire  current  cur^•e  backwards  by  a  consU 
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angle  of  lag,  and  to  reduce  the  height  of  all  the  ordinatcs  of 
resultant  E.M.F.  curve  as  compared  with  those  of  the  imjir 
E.M.F.  curve.    We  thus  obtain  three  sine  curves,  represent 
respectively  impressed  E.M.F.,  self-induced  E.M.F.,  and  result 
E.M.F.  or   current,  mutually  related  to  one  another   by  simj 
mathematical  laws,  so  that    from  any  two   the   third  nccevs; 
follows,  and  from  the  mathematical  nature  of  sine  curves  we 
go  on  to  deduce  other  facts  respecting  the  three  related  fact 
Now,  the  assumption  that  in  any  given  alternator  the  three  < 
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lot 


ire  sine  curves  is  not  by  any  means  necessarily  true,  but  experience 
has  shown  that  in  modem  machines  no  great  error  arises  in  theory 
or  practice  from  assuming  that  they  are  sine  curves.  The  curves 
of  impressed  E.M.F.  of  modem  ahernators,  so  far  as  they  have 
been  experimentally  determined,  do  closely  resemble  sine  curves 
in  their  general  nature,  and  so  also  in  a  rather  less  degree  do  tlie 
curves  of  current  under  their  normal  conditions  of  working. 
Consequently  we  may  assume  that  both  approximate  sufficiently 
nearly  to  sine  curves  to  enable  us  to  make  use  of  tiie  mathematical 
nature  of  sine  curves  in  order  to  simplify  any  given  problem  and 
to  supply  a  basis  on  which  to  treat  it  grapliically. 

Now,  if  we  have  two  simple  sine  curves  of  equal  period,  but  of 
different  amplitude  and  phase,  and  simultaneous  values  of  the 
ordinates  of  the  two  curves  be  multiplied  together,  it  can  be  shown 
mathematically  that  the  mean  of  all  the  products  so  obtained  is 
equal  to  lialf  the  product  of  the  maximum  values  of  the  two  sets 
of  ordinates  multiplied  by  the  cosine  of  the  angle  which  expresses 
tbcir  difference  of  phase.  Hence  in  fig.  36,  if  the  two  curves  of 
E.M.F.  and  current  be  sine  curves,  the  mean  ordinate  to  the 
potrer  curve  can  be  thus  directly  obtained  ;  if  e  and  /  be  the 
fanpresscd  E.M.F.  and  alternating  current  at  any  instant,  and  t 
and  1  be  their  maximum  values,  the  mean  value  of  ei  or  the 
mean  rate  of  expenditure  of  energy  on  the  circuit  during  a  com- 

e  period  or  any  numl)er  of  complete  periods  is  —  cos  <^,  where 

is  the  angle  of  lag  or  difference  of  phase  between  the  impressed 
E.M.F.  and  current.  If,  therefore,  i,  and  e,  lie  the  maximum 
values  of  the  current  flowing  in  the  external  circuit  of  an  alternator 
uid  of  the  E.M.F.   impressed  on  the  external   circuit   from  its 

£      I 

tmninals,  its  output  is  -i^'  cos  ^. 

3 

Bui  how  are  we  to  measure  E,  and  i,,  or  indeed  any  alternating 
ELM.F.  and  current,  the  values  of  which  are  continually  varying  ? 
GfVcn  a  current  fluctuating  in  value  and  flowing  through  a  fixed 
naistancc  of  r  ohms,  the  rate  at  which  electrical  energy  is 
tmittlbrroed  into  heat  over  the  resistance  is  at  any  instant  equal 
10  the  product  of  the  ohmic  resistance  and  the  square  of  the 
coirent  strength  at  that  instant.     If,    therefore,  being  given  the 
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curve  (i)  of  an  alternating  current  (fig.  38)  during  one  complete 
period,  we  square  the  ordinates  and  plot  these  squares  as 
second  curve  on  the  same  horizontal  axis,  the  area  which 
enclosed  by  the  second  curve  so  obtained  01*0'  is  proportional  1 
the  total  heat  developed  in  the  resistance  in  one  period,  Bu 
there  is  some  one  ordinate  to  this  second  curve  whose  heigh 
multiplied  by  the  horizontal  line  o  o'  gives  a  rectangle  equal 
area  to  the  area  enclosed  by  the  curve  o  i '  o'.  This  mean 
ordinate  or  mean  square  is  equal  to  the  square  of  a  certain 
current  which  would  produce  the  same  heating  effect  if  it  flowed 
for    the  same   time   through   the    resistance   with    unchanging 


\' 

r 

\ 

\ 

r^ 

\ 

y 

; 

\ 

g 

A 

\ 

f 

1 

^ 

\ 

k 

J 

I'- J 

^ 

*^  \ 

t^  i 

vi  1 

ut  , 

tJ't 

«•  J 

MT  i 

jif  jarixr  jaa 

Fio.  38. 

Strength.  Consequently  the  square  root  of  the  mean 
is  the  value  in  ampferes  of  that  steady  current  whose  rate  of 
duction  of  heat  in  a  given  resistance  is  equal  to  the  mean  rate  aif 
which  heat  is  actually  developed  by  the  alternating  current  in 
passing  through  the  same  resistance  ;  and  this  square  root  of 
the  mean  square  is  called  the  '  effective  current,'  since,  us  rcgarda 
healing,  the  alternating  current  is  e<|ual  in  effect  to  a  steadjr 
current  of  that  number  of  ampl-res.  Now  if  the  first  currc  o  I  o" 
be  a  sine  curve,  as  in  fact  is  shown  in  fig.  38,  it  can  be  sit  own 
mathematically  that  the  mean  of  ilie  values  of  iUI  its  ori> 
squared,  i.e.  the  mean  ordinate  to  the  second  currc  01  •o',  is  lun 
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Ae  square  of  the  maximum  value  of  the  ordinates  of  the  first  curve, 

that    if  I  be  the   maximum  value  of  the  current,  the  mean 
,1 
re  is  -  .  and  the  square  root  of  the  mean  square,  or  the  effec- 


tive current,  IS 

Now  in  the  Cardew  voltmeter  the  heating  effect  of  a  current 
passed  through  it  causes  the  needle  to  take  up  a  definite  position, 
■nd  this  position  indirectly  measures  the  total  heat  produced 
In  the  instrument  per  second.  If,  therefore,  the  current  passed 
thrcyugh  the  instrument  is  alternating,  the  position  taken  up  by  the 
r-  ^ures  the  square  root  of  the  mean  square  of  the  current 

Mi  _  "r  the  effective  current.  But  if  the  wire  through  which 
the  current  flows  has  inductance  so  small  as  to  be  negligible — and 
this  is  in  fact  the  case— the  E.M.F.  impressed  on  the  wire  from 
the  terminals  of  the  instrument  is  at  any  in.stant  proportional  to 
tlic  current  strength,  so  that  the  curve  of  impressed  E.M.F.  is 
identical  in  its  law  and  phase  with  the  current  curve.  Hence  the 
position  taken  up  by  the  needle  of  the  voltmeter  not  only  deter- 
min«  the  square  root  of  the  mean  square  of  the  current,  but  also 
the  square  root  of  the  mean  square  of  the  E.M.F.  impressed 
upon  the  instrument.  This  square  root  of  the  mean  square  of 
the  E.M.F  is  called  the  '  effective  E.M.F.,' since  it  is  that  value 
of  9  steady,  uni-directed  E.M.F'.  which  would  when  applied  to  a 
given  resistance  produce  the  same  amount  of  heating  as  the  alter- 
nating E.M.F.  produces.  Now  if  the  Cardew  voltmeter  be  applied 
to  the  teniiinals  of  an  alternator  supplying  current  to  an  external 
lit,  the  HM.F.  impres.sed  upon  the  voltmeter  is  also  the  E.M.F, 
ipressed  upon  the  external  circuit ;  the  reading  of  the  needle  gives 
"Bs  the  numlxT  t)f  volts  which  is  equal  to  the  square  root  of  the 
Bean  square  of  the  alternating  E.M.F.  impressed  upon  it,  and  if 
Ibe  curve  of  the  impressed  E.M.F.  be  a  sine  curve  (as  is  usually 

assumed)  we  know  that  this  is  equal  to  -^  of  the  maximum 

nJu«  of  the  periodic  impressed  E.M.F.     We  have  thus  found 

_,  which  is  one  factor  in  the  expression  for  the  output  of  the 

alternator.     Other  instruments  are  adapted  for  the  measurement 
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of  the  effective  voltage  besides  the  CaitJew  voloneier, 
BJcaMirf  the  square  root  of  the  mean  square.     In  a 
effective  current  can  be  measured  b)-  an  alteniabng  i 
ccd  in  series  with  the  external  circuit,  ai»d  its  value 


I 


assumption  is  equal  to  -j-.  The  product  of  the 
E.M.K.  and  effective  current,  gives  us  5^' ;  but  to  oh 

output  of  the  machine  it  still  remains  to  muW 
lurt  by  the  cosine  of  the  angle  of  lag.    In  actual  work 
the  alternator  is  lighting  lamps  directly  or  is  conr 

transformers  the  angte  of  lag  between  the  exte 
the  K.M.F.  impressed  upon  it  is  very  small,  and 
be  neglected,  the  output  being  therefore  simply 
lUi  t  i>f  the  effective  E.M.F.  and  effective  current  of  1 
t  or  half  the  product  of  the  maximum  values  of  thfl 
t .  wid  current.      In  fig.  36  a  very  small  amount  1 
^a«  l>cen   shown,  and  the  output  of  an  alter 

iiit  of  which   tlie  cur\-es  there  shown  appf 
!  ts  ;  a  value  not  much  less  than  would 
iption  that  the  ctirves  were  sinoidal,  an(! 
of  external  ctirrent   behind  external  E.^ 
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CHAPTER   VII 


CLASSIFICATION  OF  DYNAMOS 


IE  variety  of  different  forms  which  the  dynamo  may  take  is  well- 
h  endless,  yet  in  all  there  may  be  traced  the  two  structural 
portions  which  the  dual  nature  of  the  machine  requires.  It  will 
be  advantageous  here  to  repeat  and  enlarge  our  first  description  of 
these  two  portions. 

There  is.  first,  the  'field-magnet,'  whose  function  is  simply 
10  scn'e  as  tlie  medium  and  path  for  the  lines  of  induction  con- 
stituting the  field,  and  which  is  therefore  composed  entirely  of  iron. 
It  may  usually  be  divided  into  three  parts,  which  can  be  distin- 
guished in  fig.  7,  viz.  (i)  the  magnet '  cores  '  or  limbs  (dif),  on  which 
the  exciting  coils  (cc)  are  wound  or  placed,  and  which  lead  the 
lines  up  to  or  away  from  the  pole- pieces  ;  (2)  the  '  yoke  '  (y)  which 
joins  together  the  limbs  of  the  magnet ;  and  (3)  the  pole-pieces 
themselves  (n,  s).  These  latter  by  reason  of  their  particular  shape 
cause  the  lines  to  issue  forth  into  and  pass  through  the  air-gap  in 
such  directions  and  with  such  intensity  as  will  best  adapt  them  to 
be  cut  by  the  inductors. 

Secondly,  there  is  the  '  armature '  (a),  which  consists  of  a 
fcber  of  inductors,  almost  invariably  of  copper,  which  are  sys- 
ttically  arranged  and  connected  together  in  a  definite  and 
cular  order  ;  in  the  dynamo  of  fig.  2  they  form  portions  of  a 
number  of  loops  or  turns  of  wire,  each  of  which  is  entirely 
latcd  from  the  structure  upon  which  they  are  wound,  and  also 
from  cvL-ry  other  turn,  save  where  the  end  of  one  loop  is  elec- 
trically joined  to  the  begiiinmg  of  the  next.  In  the  inductors,  by 
reason  of  their  movement  relatively  to  the  field,  E.M.F.'s  are 
(generated,  aiid  by  tlieir  grouping  are  added  together  in  series  or 
pla£ed  in  parallel,  or  in  general  brought  into  practical  use  at 
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certain  definite  points  or  '  terminals '  (a  d)  to  which  the  exte 
circuit  is  applied.     When  we  leave  the  sphere  of  theoretical  di 
grams  such  as  those  in  Chapter  IV.  it  is  evident  that  the  inductors 
must  be  supported  in  some  way,  and  in  most  cases  they  are  in 
practice  arranged  or  wound  upon  a  mass  of  iron,  which  itself 
forms  part  of  the  magnetic  circuit,  and  is  traversed  by  the  lines 
induction  ;  it  is  this  structure  of  iron  which  in  strictness  of  1. 
guj^e  is  the  armature  or  '  keeper '  of  the  magnet  or  magnets  era- 
ployed  to  produce  the  field.   Thus,  in  the  ordinary  two-pole  dynamo 
the  cylindrical  armature  of  iron,  a  (fig.  2),  may  be  likened  to  the 
'  keeper '  placed   between  the  two  poles  of  a  simple  horseshoe 
magnet  ;  but  from  its  intimate  connection  with  the  electrical  co^^ 
ductors  which  it  supports,  the  term  has  now  been  transferred  to  t^^| 
system  of  inductors,  the  iron  portion  itself  being  called  the  '  core^ 
of  the  armature.     Finally,  the  central  support  on  which  the  con- 
ductors  are  wound  or  laid    is  now  termed  the  '  armature-core,' 
whether  it  be  made  of  iron  or  porcelain  or  any  other  substance, 
magnetic  or  non-magnetic. 

In  the  diagrams  of  Chapter  IV.  the  principle  of  electr^ 
magnetic  induction  was  mostly  exhibited  by  means  of  a  straigfl 
inductor  drawn  across  or  rotated  in  a  magnetic  field,  hut  thefl 
simple  experiments  must  now  be  elaborated  into  more  practid| 
forms.  In  the  first  place,  it  is  evident  that  the  process  of  Itg.  t  j| 
by  which  a  straight  inductor  is  drawn  across  a  field  in  a  straight 
line,  is  essentially  finite  ;  the  motion  is  simple  rectilinear  moti^ 
in  one  and  the  same  direction,  and  this  cannot  practically  ■ 
maintained  for  any  very  great  space,  for  the  simple  reason  thiU  tH 
pole-pieces  would  have  to  be  indefinitely  long  in  order  to  prodiM 
an  indefinitely  long  magnetic  field.  But  our  definition  of  X^ 
dynamo  demands  '  continuous  relative  motion,'  and  hence,  wtH 
the  inductor  has  been  moved  to  one  end  of  the  magnetic  fidd,  H 
are  under  the  necessity  of  reversing  its  direction  of  moveineiM 
We  thus  pass  to  oscillatory  or  reciprocating  motion,  first  in  <M 
direction,  and  then  back  again  in  the  oppo.site  direction.  Socfl 
motion  would  be  obtained  by  attaching  the  inductor  directl^rfl 
the  piston  of  a  steam  engine  ;  it  would  give  an  K.M.F.  alternalfl 
in  direction,  and  if  ihc  field  were  of  uniform  density,  the  *^^^| 
the  E.M.K  would  vary  as  tbc  speed  of  ini-.i.tiuni    n-'u-qS^H 
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Sum  during  the  middle  of  the  stroke,  and  reversing  at  either 
(com|)are  A  B,  fig.  24).  Bui  such  an  arrangement  is  not  con- 
lien  t,  since  it  is  not  easy  to  secure  a  speed  high  enough  to  give 
appreciable  number  of  volts  with  any  practicable  length  of 
inductor  and  strength  of  field.  No  such  difficulty  meets  us  when 
we  have  recourse  to  the  rotatory  motion  of  fig.  24,  and  hence 
m  all  practical  dynamos,  without  exception,  it  is  by  rotation 
that  tlie  '  continuous  relative  motion '  of  field  and  conductor  is 
secured,  and  an   E.M.F.  continuously  generated.     Reverting  to 


f 


W 


(B): 


^ 


Id 


Pic.  }9. 

'h-^  rase  of  a  straight  inductor  rotated  in  an  air-gap  formed  in  a 

horseshoe  magnetic  circuit  by  a  pair  of  opposing  pole-pieces, 

i  be  seen  from  fig.  39  that  there  are  two  distinct  ways  in 

;  the  cutting  process  can  be  carried  out.     In  case  a,  as  the 

tor  shown  in  section  at  a  is  rotated  round  the  axis  o  to  a',  it 

-.  downwards  across,  or  cuts,  all  the  lines  passing  from  the  N. 

S.  pole,  and  by  further  rotation  from  a'  to  a  it  cuts  the  same 

'1,  but  in  the  opposite  direction,  i.e.  upwards  ;  conse- 

..__.  .^    Uie  E.M.K.  induced  in  it  is,  during  the  first  half  of  a 

nrrolution,  in  one  direction  along  its  length  (downwards  into  the 

pil&ne  of  the  paper),  and  then  during  the  second  half  in  the  opposite 
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direction  along  its  length  (upwards  out  of  the  plane  of  the  papet) 
in  other  words,  it  is  the  seat  of  an  alternating  E.M.F.  whose  dii 
tion  undergoes  reversal  twice  every  revolution.     But  in  case  n,  i 
the  inductor  is  continuously  swung  round  the  axis  od,  when 
E.M.F.  is  induced  in  it  by  its  passage  past  the  poles,  this  E.M.F. 
is  always  in  the  same  direction  along  its  length  (in  the  diagram 
from  d  to  /^  or  radially  outwards). 

Another  most  important  distinction  between  the  two  cases 
fig.  39  is  connected  with  the  position  of  the  length  of  the  indue 
relatively  to  the  axis  round  which  it  is  rotated.     In  case  \ 
length  of  the  inductor  is  parallel  to  the  axis  of  rotation  ;  m  < 
B  it  is  at  right  angles  to  the  axis  of  rotation,  and  from  this  dilTerend 
of  position  great  differences  of  structure  arise. 

Now  the  classification  of  dynamos  is  a  matter  of  considcrab 
difficulty,  and  several  bases  of  division  present  themselves, 
of  which  has  its  advantages  in  throwing  light  upon  the  affinity  ( 
one  machine  to  another.  It  might  be  thought  that  the  distincti«j 
between  dynamos  yielding  an  E.M.F.  and  current  always  in 
same  direction  round  the  extemal  circuit,  and  those  yielding  j 
alternating  E.M.F.  and  current  in  the  external  circuit  would 
sufficiently  sharp  ;  yet  on  further  examination  it  wiU  be  found  that 
of  two  so-called  'contmuous-current'  dynamos  givinga  current  ""^ 
directed  in  the  external  circuit,  the  one  may  be  entirely  distinct  frofl 
the  other  in  its  whole  nature  and  structure.  As  a  matter  of  fa(fl 
dynamos  which  primarily  and  in  themselves  give  a  current  co^| 
tinuously  in  the  same  direction  are  few  and  comparatively  uniifl 
f)ortant — at  least  up  to  the  present  time.  Again,  amid  the  bS 
wildering  variety  of  types  of  armatures  and  field  magnets  certajj 
fundamental  differences  in  structure  may  be  seized  upon,  whicS 
help  to  characterise  the  machine  of  which  they  form  a  part ;  biH 
any  classification  based  on  such  characteristics  alone  will  not  sudi^| 
to  exhaust  the  chief  differences  which  distinguish  one  dyoanfl 
from  another.  fl 

Two  questions  have,  however,  been  suggested  by  fig.  39,  wbicfl 
must  be  asked  and  answered  when  considering  any  form  ^| 
dynamo  machine  ;  they  are  as  follows  : —  ■ 

(1)  Is  the  E.M.F.  produced  in  each  iml  it  rotatfl 

altrajrs  in  the  same  direction  alim^  its  length,  t  altcnwlfl 
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by  reason  of  its  cutting  the  same  lines  twice  over  in  each  revo- 

lutioD  in  allcmate  directions? 

(a)  Is  the  length  of  the  inductors  parallel  or  at  right  angles  to 
axis  of  rotation  ? 

If  the  above  two  criteria  be  followed  up,  it  will  be  found  that 
any  dynamo  under  consideration  can  be  placed  in  its  proper 
position  and  rank.  In  the  following  pages  it  is  therefore  proposed 
to  make  use  of  three  bases  of  division,  applying  each  in  turn  so 
(u  as  it  is  helpful  to  the  due  understanding  of  the  different  types 
of  dynamos  :  the  lirst  of  these  is  the  question  whether  each 
inductor  is  the  seat  of  an  alternating  E.M.F.  or  not ;  the  second 
is  the  position  of  the  length  of  the  inductor,  and  the  direction  of 
the  field  with  reference  to  the  axis  of  rotation  (for  by  this  we  may 
to  a  large  extent  determine  other  points,  such  as  the  systems  on 
which  the  inductors  must  be  connected  together,  the  form  of  the 
field  magnet  required,  and  even  the  structure  of  the  armature  core), 
while  third  and  last  is  the  question  whether  the  external  E.M.F. 
and  current  are  alternating  or  uni-directed.  In  any  dynamo  either 
the  field  or  the  inductors  may  be  rotated,  or  both  in  opposite 
directions  ;  it  is  merely  a  matter  of  convenience  to  be  decided 
by  the  relative  adaptability  of  field  magnet  or  .armature  to  with- 
stand the  centrifugal  force  and  the  various  strains  due  to  rotation. 
At  the  outset,  therefore,  dynamos  may  be  divided  into  Class  I., 
Ibose  in  which  each  inductor  cuts  the  same  lines  twice  over,  in 
opposite  directions,  in  each  revolution,  an- 1  by  reason  of  its  so 
cutting  the  lines  has  an  alternating  E.M.F.  induced  in  it,  hence- 
forth called  'bi- '  or  'multi-polar '  d)'namos ;  and  Class  II.,  those  in 
which  each  inductor,  when  cutting  lines,  's  always  cutting  them 
in  the  same  direction,  and  therefore  the  E.M.F.  induced  in  it  is 
always  in  the  same  direction  along  its  length,  or  'unipolar' 
dynamos. 

Tl»e  alwve  division  so  largely  corresponds  to  the  somewhat 
inaccurate  and  often  misunderstood  distinction  between  '  bi- '  or 
'  multipolar  '  dynamos  on  the  one  hand,  and  '  unipolar '  dynamos 
!■  iier,  tliat  these  terms  are  retained,  but  with  the  distinct 

i  _  li  signification  above  attached  to  them.  In  the  ordinary 
two-pole  dynamo  of  fig.  2  a  definite  group  of  lines  existing  between 
•  pmir  of  poles  is  cut  twice  by  each  inductor  in  eac\\  Tfc^^o\vlX\Q^^^| 


no 
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as  in  fig.  39  A  :  it  is  not  merely  that  the  same  numher  of  lin^H 
tvrice  cut,  first  in  one  direction,  and  then  in  the  opposite  directio 
but  the  same  actual  lines  are  so  cut.  Similarly,  in  the  multipolar 
dynamo  properly  so  called,  in  which  there  are  several  m:ignetic 
circuits  or  groups  of  lines,  the  same  fact  holds  good  with  respect 
to  each  pair  of  poles,  viz.  that  each  set  of  lines  belonging  to  a 
distinct  magnetic  circuit  is  cut  twice  by  each  inductor  in  opposi^ 
directions  in  each  revolution.  In  the  so-called  'unipol 
dynamos  there  is  a  single  field  just  as  in  the  bipolar  dynamo,  a£ 
it  must  from  the  nature  of  lines  of  magnetic  force  exist  betwe 
a  pair  of  poles  ;  but  this  single  field  is  only  cut  once  in  each  rev 
lution,  and  the  cutting  always  takes  place  in  the  same  direction,! 
that  there  is  no  reversal  of  the  direction  of  the  E.M.F.  induced 
along  the  length  of  the  inductor  :  thus,  the  B  arrangement  of 
39  would  form  a  unipolar  dynamo.  Now  in  Class  I.,  even  wil 
a  single  field,  as  a,  fig.  39,  the  action  may  be  divided  into  iwo 
portions,  separate  in  time,  viz.  a  cutting  of  the  lines  as  they  emeige 
from  the  N.  pole,  and  a  second  cutting  of  them,  in  an  opposite 
direction,  as  they  enter  into  the  S.  pole.  The  distinction  he 
made  between  lines  as  they  emerge  from  a  N.  pole,  and  the  sar 
lines  as  they  enter  into  a  S.  f>oIe,  is  of  course  unreal,  but 
action  is  dual  and  connected  with  the  presence  of  a  pair  of  polJ 
by  which  the  field  is  confined  and  concentrated  within  a  dcfinil 
space  ;  consequently  the  dynamo  is  called  '  bipolar."  In  the 
unipolar  machine,  since  the  lines  are  always  cut  in   the 

direction,  it  might  be  said  that  they  are  ' 
as  they  emerge  from  a  N.  pole,  or  as 
enter  into  a  S.  pole,  and  thus  the  nccess 
presence  somewhere  of  the  other  pole  mig 
l>e  left  out  of  sight,  the  need  of  this 
not  being  at  once  apparent,  except  in  thee 
since  it  is  not  wanted  to  concentrate  an 
collect  the  lines  in  order  for  them  to  be  1 
Fk..  «o.-  convcniioMi  iini-   a  sccond  limc  in  the  same  revolution.    So 

a  view,  however  inaccurate,  woul<!  ' 
sented  diagrammalically  by  fig.  40,  where  n  is  the  N.  1 
bar  magnet,  the  otlier  pole  of  which  is  not  in  view  (compare 
n,  fig.  39)- 


4a  -  Conventional  imi- 


CLASSIFICATION  OF  DYNAMOS 


irr 


laving  premised  thus  much,  we  pass  to  an  examination  of 
dynamos  of  Class  I.,  and  in  the  first  place  (a),  those  in  which  the 
iaductor's  length  is  parallel  to  the  axis  of  rotation. 

Through  the  middle  of  a  rectangular  gap  formed  in  a  simple 
horseshoe  magnet  by  two  {xile-pieces  having  plane  faces,  let  a 
spindle  be  placed  which  is 
capable  of  rotation,  and  at 
some  distance  radially  from  it 
let  there  be  a  wire,  <t  d,  sup- 
ported at  cither  end  in  a 
position  parallel  to  the  axis  of 
rotation.  Then,  when  the 
spindle  is  rotated,  <i  d  will  cut 
the  lines  of  the  field  and  act 
as  an  inductor  of  an  alter- 
nating E.M.F.  (fig.  41).  If  the 
ends  of  the  inductor  are  elec- 
trically connected  with  two 
collecting  rings  fixed  on  the 

spindle  and  insulated  from  it,  against  which  springs,  bb,  are  pressed 
so  as  to  form  a  rubbing  contact,  we  have  an  alternator,  yielding 
an  alternating  difference  of  potential  at  the  two  stationary  rubbers 
ot  Ijcushes  to  which  an  external  circuit,  r^  can  be  applied. 
Assuming  for  the  present  that  the  field  swept  through  by  the 
inductor  is  of  unifonn  density,  and  that  all  the  lines  pass  straight 
across  from  one  pole  to  the  other,  the  curve  of  instantaneous 

lured  li.M.K,  if  plotted  for  one  revolution  forming  a  complete 
iod,  would  be  a  sine  curve,  as  in  fig.  25. 
But  the  air-gap  in  which  the  magnetic  field  that  is  to  be  cut 
ikhould  l)e  as  short  as  possible  in  the  direction  of  the  lines, 

fordcr  that  the  amiicrc-turns  of  exciting  power  rc(|uircd  to  pro- 
<h»cc  the  field  may  not  be  very  large  ;  for  economy  in  the  exciting 
()0«rer  means  economy  either  in  the  first  cost  of  the  machine  or 
In  its  cost  of  working,  or  both.  The  first  step  would  obviously 
the  inner  surface  of  the  pole-pieces  so  that  they  follow 

Be  aced  out  by  the  rotating  inductor,  that  is,  instead  ot 

lavmg  pole-pieces  with  parallel  faces,  to  bore  out  a  cylindrical  gap 
vithm  which  the  inductor  may  rotate,  allowing  only  such  room  or 
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'clearance  '  as  is  required  for  mechanical  safety  and  durable  worl 
ing  (fig.  42).     But  this  will  not  entirely  have  the  desired  effect  1 
strengthening  the  field  cut  by  the  inductor,  inasmuch  as  it  will  stiti 
remain  weak  except  at  the  edges,  ab,cd,  and  there  the  field  will  be 
most  dense  outside  the  limits  of  the  area  swept  through  by  the 

rotating  inductor ;  the  lines 
will,  in  fact,  leap  across 
in  considerable  numbers 
from  edge  to  edge  where 
the  distance  is  least,  being 
lost  as  far  as  any  useTu 
purpose  is  concerned, ; 
therefore  being  rcckone 
as  mere  '  leakage.'  A  con 
plete  remedy  is,  howev< 
found  if,  instead  of  re- 
moving the  whole  poitic 
of  the  magnetic  cjr 
which  is  bored  out, 
iron  cylinder  is  retained  oa_ 
the  surface  of  which  the  inductor  can  be  placed  (fig.  43). 
exciting  power  required  to  produce  a  given  nunil)er  of  useful  lir 
within  the  sweep  of  the  inductor  will  be  immensely  reduced,  sir 
the  path  of  the  lines  is  now  more  nearly  a  closed  magnetic  circu 
of  iron,  like  a  horseshoe  magnet,  with  its  armature  i)r  '  keep 
between  its  poles  ;  two  short  air-gaps  are  alone  left,  instead  oft 
of  great  length,  and  many  of  the  straying  lines  will  be  brou 
back  into  the  space  swept  through  by  the  inductor.  I3«si<l 
these  two  functions,  s\l.  of  reducing  the  exciting  am[>crenu 
to  a  minimum  for  a  given  number  of  lines  by  shortenifig 
length  of  the  air-path,  and  of  concentrating  and  guiding 
lines  in  the  required  direction,  this  iron  '  core  '  will  also  sen*  1 
a  supporting  structure  on  which  the  mductor  and  its  connecti« 
can  be  secured.  When  thus  used  as  a  support  for  the  in 
iron  core  needs  to  be  rotated  ;  although  on  any  other  k... 
entirely  unnecessary.  The  problem  of  rutating  the  indurtur«  ruand 
a  stationary  iron  core  h.ns  1  nCOf 

the  dirticultics  inherent  to  1; 
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the  mechanical  simplicity  of  rotating  both  core  and  winding  has 
led  to  its  universal  adoption.  Apart  from  certain  secondary  and 
minor  effects  which  need  not  here  be  considered,  the  rotating  of 
the  iron  has  no  effect  on  the  field  of  lines  ;  these  latter  remain 
stationary'.  p>assing  into  and  through  the  core  just  as  if  it  were  at 
feat  By  the  insertion  of  the  iron  core,  the  distribution  of  the 
Bnes  in  the  field  as  cut  by  the  inductor  is  essentially  altered  ;  they 
now  enter  the  core  much  more  radially,  and  are  distributed  over 
the  arc  embraced  by  the  pole-piece  almost  uniformly,  the  result 


OrmaftM.f  Oim  ol  E  M  f 

Fig.  4j.  Fig.  44. 

being  a  considerable  modification  in  the  shape  of  the  curve  of 
iutantaneous  E.M.F.  If  their  distribution  were  perfectly  uniform, 
their  direction  at  all  points  exactly  radial,  it  would  consist 
series  of  detached  rectangles  as  in  fig.  43  (contrast  fig.  24) ; 
bat  in  actual  practice  the  corners  are  rounded  off"  by  the  existence 
I  weak  field  or  '  fringe '  at  the  edge  of  the  pole-piece,  which  is 
truly  radial,  and  the  curve  of  induced  E.M.F.  for  one  period 
or  complete  resolution  is  intermediate  between  a  pair  of  sine 
vcs  and  a  pair  of  rectangles  (fig.  44).  If  b,  is  the  induction  or 
ity  per  square  centimetre  of  C.G.S.  lines  passing  radially 
[■rough  any  part  of  the  gap  between  the  iron  of  the  pole-piece 

\ 
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and  the  iron   of  the  armature  core,  the  E.M.F.  induced  in  air 
inductor  whose  length  is  l  centimetres,  when  traversing  that  ] 
of  the  gap  with  a  velocity  of  v  centimetres  per  second,  is,  by  < 
equation  \a  of  p.  53 — 

E  (volts)  =B„LV  X  10"". 
But  the  E.M.F.  generated  by  one  single  inductor  of  reasonab 
length  thus  rotating  in  a  field  as  dense  as  it  is  possible  to  proda 
practically,  and  at  as  high  a  speed  as  is  practicable,  is  very  sma 
not  amounting  to  more  than  a  few  volts  at  the  most ;  hence  i 
usual  in  most  commercial  dynamos  to  have  several  such  inducta 
and  to  add  up  their  E.M.F. 's  by  connecting  them  in  series. 

Thus,  in  order  to  generate  a  considerable  E.M.F.,  a  numl] 
of  inductors  have  to  Ije  rotated  in  an  interpolar  space,  which  mq 
be  as  small  as  is  consistent  with  mechanical  safety,  and  whi 
should  be  approximately  of  uniform  length  at  all  points  of  a  : 
lution.     Evidently,  therefore,  in  any  dynamo,  both  the  polar  ! 
faces  which  the  lines  leave  and  enter,  and  the  moving  s>'slem 
inductors  must,  as  above,  in  some  way  form  ix)rtions  of  an  appr 
mately  cylindrical  or  spherical  structure  whose  axis  coincides  ' 
the  axis  of  rotation  ;  and  according  to  the  jjosition  of  the 
of  the  inductor  relatively  to  this  cylindrical  structure  the  directii 
of  the  magnetic  field  with  reference  to  the  axis  of  rotation  will 
fixed.    In  our  first  type  of  dynamo,  imagine  a  number  of  induct<j 

arranged  symmetrically   round 
same  armature  core  (fig.  45) 
to  out  original  inductor,  which 
placed  on  the  surface  of  a  cylic 
along  its  length,    the  direction 
the  lines  being  perpendicular  to  I 
axis   of  rotation.     Then  it  will 
seen  that,  with  either  direction 
rotation,  at  any  moment  each  o( 
inductors  moving  under  the  N. 
has  an  E.M.F.  induced  along  its  length,  in  the  opposite  direct 
(as  viewed  by  an  observer  .it  either  end)  from  the  E.M.F.  ioduc 
in  each  of  the  inductors  moving  under  the  S.  pole  ;  t.^'.,  will 
counter-clockwise  direction  of  rotation  as  shown,  the  mlc  of 
himd  tdls  us  that  the  E.M.F.  will  be  directed  away 
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obserrer  in  all  the  inductors  (marked  black)  under  the  pole-piece 
K>  the  left  of  the  neutral  diameter,  and  towards  the  observer  in  the 
inductors  (marked  with  a  cross)  under  the  pole-piece  to  the  right. 
This  fundamental  fact  mustbe  theguidetoany  method  by  which  the 
indoctors  can  be  connected  together  electrically  in  a  useful  manner. 
Two  methods  of  adding  together  the  inductive  action  of  a  pair 
or  more  of  inductors  at  once  present  themselves  :  by  the  first 
inductor  i  of  fig.  45  is  connected  in  series  with  another  inductor, 
*,  which  is  nest  to  it  on  the  surface  of  the  core,  and  under  the 
tame  pole-piece  ;  by  the  second  it  is  connected  with  another 
tadnctor,  such  as  2',  which  is  situated  nearly  diametrically  oppo- 
site on  the  other  side  of  the  core. 

(i)  The  first  or  'Ring' method  was  employed  by  Pacinotti 
in  1865,  but  is  also  frequently  called  the  '  Gramme  '  winding,  from 
the  French  electrician  Gramme,  who  reintroduced  it  in  1870. 
If  the  iron  core,  which  served  to  guide  the  lines  through  the  space 
between  the  pole-pieces,  be  supported  at  some  distance  radially 
from  the  spindle  by  means  of  an  open  hub  or  spider  of  some  non- 
magnetic metal,  such  as  gun-metal,  a  connecting  piece  of  wire  can 
1  through  the  inside  space  between  the  core  and  the 

ling  between  the  arms  of  the  hub  ;  by  it  the  near  end 
inductor  1  (fig.  45)  can  be  connected  to  the  further  end  of  2 
inductor  next  to  it  on  the  surface  of  the  core,  and  the  whole 
gement  is  shown  in  the  ring-wound  armature  of  fig.  46,  i. 
t  the  iron  core  the  lines  of  induction  would  go  straight 
the  gap  from  pole  to  pole ;  the  inner  connector  would 
tbercfnre  be  cutting  lines  as  well  as,  and  in  the  same  direction  as, 
outer  inductor,  and  as  the  result  an  E.M.F.  would  be  pro- 
in  each.     These  two  E.M.F.'s  thus  acting  round  the  loop 
ltd  oppose  and  tend  to  neutralise  each  other,  so  that  the  net 
F.  would  be  merely  the  difference  between  the  two.    But  with 
jtoo  core  interposed,  the  lines  take  a  more  or  less  curved  path 
the  mass  of  the  iron,  as  shown  by  dotted  lines  in  the  end 
the  ring  armature  ;  and  if  the  core  be  supported  by  a  non- 
magnetic hub,  very  few  lines  will  leak  across  the  internal  central 
and,  consequently,  there  is  little  or  no  E.M.F.  induced  in 
inner  wire,  which  thus  serves  purely  as  a  cot^ductmg,  coTVT\et\.QX 
ya  van  up  the  KM.  F.'s  produced  in  the  two  cxXcn\a.\  mAvicloTs, 
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FlC  46.-1.  Ring  wound  Armature.  ii.  Dnim-wound  amuiure. 

Two  inductoff  in  Mrie^ 

same  wire  through  the  central  hole,  so  as  to  form  a  '  loop,' 
then  winding  a  second  loop  of  the  snme  wire  continuous  ani! 
by  side  with  the  first.     We  thus  form  a  coil  of  two  loops,  coi 
ing  two  active  inductors  on  the  outside  of  the  core,  whose  E.M 
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added  together  in  series,  and  the  core  becomes  a  '  ring  '  over- 
pound  with  a  coil,  whence  the  name  for  this  winding  arises, 
'unher,  it  is  evident  that  the  process  of  winding  the  wire  round 
»€  core  raay  be  continued  so  as  to  form  more  than  two  loops  ; 
»  the  present,  however,  we  will  confine  ourselves  to  indicating 
je  method  by  which  two  inductors  can  be  joined  in  series  by  the 
jrmation  of  two  loops  on  a  ring  core. 

(2)  The  second  or  'drum'  method  is  identified  with  the 
ame  of  'Siemens.'  In  its  complete  form  it  was  first  introduced 
1  1873  by  Von  Hefner  Alteneck  as  a  modification  of  the  original 
iemens  shuttle-wound  armature.  It  is  even  simpler  than  the 
tst  method,  and  consists  in  joining  the  further  end  of  one  inductor 
jr  a  connecting  piece  of  wire  passing  across  the  end  of  the  core 
>  the  further  end  of  another  inductor  situated  nearly  diametrically 
pposite  to  the  first  inductor  (fig.  46,  ii).  The  E.M.F.'s  induced  in 
ic  two  inductor  wires  will  assist  each  other  round  the  loop  thus 
jrmed,  being  in  opposite  directions  along  their  length  as  viewed 
rom  either  end.  The  core  now  becomes,  as  it  were,  a  cyhndrical 
drum,'  which  may  be  solid  right  down  to  the  spindle ;  as  before, 
iro  inductors  have  been  placed  in  series,  and  exactly  the  same 
imount  of  the  surface  of  the  armature  core  has  been  covered  up 
ind  rendered  useful ;  and,  therefore,  one  loop  of  the  drum  wind- 
ng  is  the  exact  equivalent  of  the  two  loops  of  the  ring  winding. 
"o  both  the  ring  and  the  drum  the  iron  core  is  essential,  since 
rithout  it  almost  all  the  lines  would  pass  from  the  one  pole 
9  the  adjacent  edge  of  the  other  without  being  cut  by  the  arma- 
ure  conductors  at  all  ;  but  it  is  doubly  essential  to  the  ring,  in 
irder  that  it  may  shield  the  internal  conductors  from  any  inductive 
ction.  By  bringing  the  wire  across  the  near  end  of  the  drum, 
*.  by  the  addition  of  a  second  connector,  the  loops  may  be  multi- 
ilied,  the  end  of  one  loop  forming  the  starting-point  of  the  next. 

If  the  curve  of  E.M.F.  induced  by  either  the  ring  or  drum 
mngcment  of  fig.  46  be  plotted,  then  with  the  same  field  and 
peed  of  rotation  the  ordinates  will  have  twice  the  height  that 
hey  have  in  fig.  44  ;  and  if  the  free  ends  of  the  loops  a  b\)Z  con- 
lectcd  to  two  insulated  collecting  rings  mounted  on  the  shaft,  we 
live  the  simple  bipolar  '  ring '  and  '  drum  '  alternators  of  fig.  47. 
rbis  figure  also  shows  the  curve  of  E.M.F.  acting  during  one  revo- 
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Ttru  lovp' 


lution  at  the  brushes  a  and  b,  whicli  lead  to  the  external  cL 
the  angle  through  which  the  loops  have  rotated  being  reckon 
from  a  position  midway  between  the  pole-pieces  as  a  starting-poia 
But  for  a  variety  of  purposes  an  alternating  E.M.F.  is  incoi 
venient  or  positively  useless  ;  yet,  from  the  nature  of  the  dynanu 

under   Class   I.,    the    E.M.I 

induced  in  each  inductor  i 
necessarily  alternatmg,  since 
is  produced  by  first  cuttil 
lines  in  one  direction  an 
then  in  the  opposite,  by  coi 
tinuous  rotation,  and,  then 
fore,  any  current  flowing  und< 
tliat  E.M.F.  must  necessarS 
be  alternating  in  the  armatn 
conductors  themselves, 
ever  it  may  be  in  the  ext< 
circuit  It  remains  to 
inquired  how  the  altei 
E.M.F.  of  the  armature  ji 
can  be '  commuted '  or  chan; 
to  an  E.M.F.  always  actinj 
in  one  direction  in  the  e« 
ternal  circuit.  \jt\.  us  con 
sider  the  loop  or  loops  o 
fig.  47  :  when  in  the  cour 
of  rotation  they  arrive 
central  position  under  th 
pole-pieces,  then  the  EJ 
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KiG.  47.— Allcnwilor  armalurci  with  Iwo 
inductors  in  fccric*. 


is  a  maximum,  and  C4 
ing  ring  a  is,  say,  {x 
now,  when  tlie  loops 
turned  through  90°,  or  have  reached  a  position  in  the  gap  I 
the  poles,  no  E.M.F.  is  beii'  u-d,  since  no  lines  are 

cut,  and  ihey  have  reached  t      ^  -n  of  reversal.    Immcd 

after  passing  this  point,  ring  a  will  be  negative,  ring  />  pi> 
What  is  required,  therefore,  in  order  for  the  E.M.F.  at  the  bt 
to  act  always  :n  the  same  direction  round  the  external 
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rings  in  contact  with  the  springs  or  brushes  sliould  be 
Bmatically  reversed  at  the  instant  of  the  reversal  of  the  direc- 
bn  of  the  E.M.F.  in  the  loop,  so  that  a  should  now  touch  b,  and 
jch  A.     This  is  easily  effected  by  making  a  and  /'  each  half 
one  and  the  same  split  ring,  the  two  halves  being  separated 
each  other  l>y  air  or  other  insulating  material,  and,  further, 
so  setting  the  brushes  that  they  pass  over  respectively  from  a 
\a>  b,  and  from  ^  to  a  at  the  instant  of  reversal  (fig.  48).     This 
rice  is  the  simplest  form  of  'commutator,'  by  which  each  brush 
iwa}-s  remains  either  positive  or  negative,  as  the  case  may  be, 
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ffrrm  tt  t  I*  f 

.  4&.— BipoUr  dyfiAmo*  vilh  iwo  imlucton  in  series  giving  a  UDi*directe<l  E.M.F. 

therefore  the  current  flowing  in  the  external  circuit  is  '  uni- 
ctcd,'  although  in  the  loops  of  the  armature  itself  it  is  alter- 
Rg  in  direction. 

I^e  have  now  obtained  a  ring  and  a  drum  uni-directed-current 
:tiue,and  the  curve  of  E.M.F'.at  the  terminals  or  brushes  will  be 
lirely  above  the  horizontal  line  (fig.  48).  Given,  therefore,  two 
topen  ends  of  a  loop  or  loops  a  and  i,  the  same  armature  yields 
f  dlher  an  alternating  or  a  uni-directed  current,  according  as  they 
attached  to  a  pair  of  collecting  rings  or   to   one  split-ring 


ilie  rotating  inductor  has  been  one  whose  length  is 
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parallel  to  the  axis  of  rotation* ;~we  now  pass  to  the  second  or  i 
group  of  Class  I.,  i.e.  bipolar  dynamos,  in  which  the  length  of  the 
inductors  is  at  right  angles  to  the  axis  of  rotation,  as  in  fig.  39,  j 
Now  for  a  dynamo  to  belong  to  Class  1.  it  is  necessary  that 
inductor  should  cut  the  same  lines  twice  in  different  direction 
which  cannot  be  done  so  long  as  the  arrangement  is  that  of 
39,  B,  and  so  long  as  reciprocating  or  oscillatory  motion  is  in 
possible.  Nothing,  however,  prevents  us  from  breaking 
magnetic  circuit  at  another  point,  c  (fig.  39),  and  bringing 
second  air-gap  into  the  circular  path  of  the  inductor.  In  fig.  49 
let  B  be  a  circular  ring  of  iron  with  two  pole-pieces,  N  and  s,  pro- 


Xifr  from  0  atlrr  rrmavatot  B , 
Fic,  49,— Inducton  al  right  angles  lo  axis  of  roution. 

jecting  from  one  side  of  it ;  lines  of  induction  entering  at  s  will 
divide  and  pass  round  b  in  two  groups  by  either  branch  of  the 
magnet  (as  shown  by  dotted  lines)  and  reunite  in  the  n  pole-piece, 
whence  they  emerge  into  the  air-gaj).  Now,  if  we  arrange  a  second 
iron  ring,  a,  on  the  other  side  of  the  inductor,  the  lines  will  enter 
into  it  and  pass  in  a  similar  manner  round  the  two  halves  of  i 
and  reunite  to  emerge  opposite  to  the  s  pole-piece,  thus  compli 
their  tour  of  the  magnetic  circuit.  The  inductor  a  h  will  now  ( 
the  same  lines  twice  in  each  revolution  in  different  directions] 
a  different  portion  of  their  path,  and  the  E.M.F.  induced  in  it 
be  first  radially  outwards  from  the  centre,  an<l  then  inw.i  ' 
the  centic,  according  as  it  cuts  the  upper  or  the  lower  gi 


this  arrangement  it  is  easy  to  make  the  air-gap  short  by  bringing 
the  two  portions  of  the  magnetic  circuit  close  together,  leaving 
only  sufficient  room  for  the  clear  rotation  of  the  inductor.  But 
the  same  necessity  exists,  as  before,  of  connecting  two  or  more 
such  inductors  together  in  series  in  order  to  add  up  their  E.M.F.'s. 
Since  the  direction  of  the  magnetic  field  in  the  air  gap  is  parallel 
to  the  axis  of  rotation,  the  several  inductors  must  be  arranged 
somewhat  as  the  spokes  of  a  wheel  radiating  outwards  from 
the  centre,  and  the  fields  must  be  curved  to  a  circular  shape 
in  order  to  follow  the  path  of  a  line  passing  through  the  centre  of 
the  length  of  the  inductors.     In  all  the  inductors  under  one  pair  of 


Vifw  fram  0  u/trr  rrmoriilafdaun/jierlivit. 
FtG.  sa — Difcoidal-rtng  vmoture  with  two  uiducton  in  series. 


poles  the  E.M.F.  will  be  directed  radially  outwards,  in  all  those 
onder  the  opposite  pair,  radially  inwards,  and  this  must  be  our 
glide  in  connecting  them  together.  As  in  the  case  of  Group  a  of 
Qmb  I.  two  methods  present  themselves  which  are  exactly 
■nalogoustothering  and  drum  windings  :  by  the  first,  inductor  i 
ii  joined  in  series  with  its  next  neighbour,  2 ;  by  the  second  it  is 
jotoed  to  the  inductor  2',  which  is  nearly  opposite. 

(1)  By  the  flat  or  discoidal-ring  method  a  connecting  piece 
d  wire  is  passed  round  and  through  a,  so  as  to  join  the  outer  end 
oS  a  b  witli  the  inner  end  of  the  inductor  by  its  side.  The  result 
IS  an  arrangement  (fig,  50)  exactly  analogous  to  the  ring  armature 
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of  fig.  46,  and  the  iron  a,  whicli  now  becomes  an  armature  ci 
and  is  rotated  with  the  inductors,  serves  exactly  the  same  pi 
poses,  viz.  guidance  of  the  lines  in  the  required  path  and 
chanical  support  to  the  armature  winding.  The  only  change 
troduced  has  been  the  flattening  out  of  the  cylindrical  ring  ci 
until  its  radial  depth  is  greater  than  its  length  parallel  to  the 
of  rotation,  and  it  assumes  a  discoidal  fonn  ;  the  polar  surfaces 
then  presented  to  the  ends  of  the  cylinder  instead  of  to  its 
phery.  But  now  a  second  magnet  (shown  dotted,  fig.  50)  can 
presented  to  the  other  face  of  the  flat-ring  core,  the  poles  of  t 
second  magnet  being  exactly  opposite  to  those  of  the  first  and 
the  same  sign.  The  lines  will  thus  enter  the  core  from  both  sides 
alike,  and  will  pass  in  opposite  directions  round  the  armature, 
to  leave  it  where  the  second  set  of  poles  is  presented  to  its  sur- 
face. By  this  means  both  sides  of  the  winding  become  active,  and 
the  inactive  connectors  are  reduced  to  the  short  lengths  of  wire 
at  the  top  and  bottom  of  the  core.  The  whole  arrangement  n- 
be  evolved  out  of  a  ring  armature,  which,  besides  the  external  pol 
presented  to  its  outer  surface,  has  also  a  pair  of  internal  pole? 
arranged  exactly  opposite  to  the  external  poles,  a  N.  facing  a  N., 
and  a  S.  opposite  to  a  S.,  so  as  to  render  the  internal  portion  of 
the  connecting  wire  active  (fig.  51).  The  entire  loop  of  the  Hai- 
ring machine,  although 
containing  two  inductive 
portions,  should  therefop 
be  regarded  as  equivale 
to  a  single  loop  of  the  rir 
the  lines  of  one  field 
simply  divided  into 
portions,  one  on  cither ! 
of  the  core. 

By   bringing   tlic 
of  the  winding   tu  ft 
of  collecting  rings, 
Incomes  a  discoid 


)le^ 


Fig.  ji.  — KiiiKaimalutT  with  ulenutl  antl  inienul 

poles. 


to    those    of   fig.    47,   ihc    dynamo 
alternator. 

(2)  The  second,  or  true  •  disc '   inethud  of  ■ 
ndial  inductors  in  series  will  l>e  to  join  the  on 
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mdactor  by  a  connecting  piece  passing  round  the  periphery  to  the 
outer  end  of  another  inductor,  situated  nearly  diametrically 
opposite,  under  the  second  pair  of  poles  (fig.  52),  the  loop  being 
completed,  if  required,  by  a  second  connector,  joining  the  inner 
ends  of  two  inductors,  so  as  to  render  a  series  of  continuous  loops 
possible.  The  iron  portion,  A,  of  fig.  49  now  forms  no  portion  of 
the  armature,  and  remains  stationary  :  it  simply  serves  to  com]>lete 
the  magnetic  circuit,  which  is  cut  at  two  points,  and  is  exactly 
analogous  to  n.  Opposite  poles  are  of  opposite  sign,  and  the  lines 
pass  straight  across  each  air-gap  from  one  pole-piece  to  the  other. 
In  this,  which  may  be  called  the  true  disc  machine,  it  will  be  seen 


Vkw  CtomOidltTrrmmat 
of  A 
Fig.  53.— Dijc  umaiure  with  two  inductors  iu  s«rie5. 


Ihst  the  inductors  are  actually  in  the  central  plane  of  rotation, 
whereas  in  the  previous  flat  or  discoidal-riug  machine  they  are 
arranged  in  a  plane  to  the  side  of  and  parallel  with  the  central 
plane  of  rotation.  The  peculiarity  of  the  true  disc  winding  is  that 
it  is  indifferent  whether  the  loop  be  wound  on  an  iron  core  or  not. 
A  supporting  core  may  be  necessary,  but  it  need  not  be  of  iron  so 
u  lo  cuide  ll>e  lines  in  the  right  direction  through  the  air-gap, 
iiposite  poles  can  be  brought  close  together,  only 
nt  room  for  the  coils  to  pass  between ;  and  hence, 
if  an  iron  core  is  present,  it  can  only  fulfil  its  first  function  of  re- 
ducing lo  a  minimum  the  exciting  power  required  to  produce  a 
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certain  field.     Just  as  the  discoidal  ring  armature  can  be  cvoi 
out  of  the  simple-ring  armature  with  two  pairs  of  poles  extern, 
and  internal,  so  this  second  method  is  in  reality  drum  windmg 
adapted  to  a  disc.   If  we  replaced  the  core  inside  the  drum  windi 
with  a  pair  of  internal  N.  and  S.  poles,  resjiectively  facing  the 
and  N.  poles  of  the  field,  and  then  imagine  one  end  of  the  armi 
ture  to  be  gradually  enlarged,  and  the  other  reduced   iti  size, 
would  take  the  form  of  a  truncated  cone,  which  would  become 
flatter  and  flatter  ;  finally,  the  winding  would  be  turned  into  a  fl; 
disc,  and  the  external  and  internal  poles  will  be  converted  into  t 
pairs  of  poles  arranged  on  either  side  of  the  disc. 

It  would  appear  at  first  sight  as  if  the  disc  bipolar  machine 
two  fields,  and  therefore  that  it  must  of  necessity  have  at  least  foi 
poles,  and  so  not  be  bipolar  ;  but  although  this  is  to  a  certaii 
extent  true,  yet  there  is  no  radical  diflbrcnce  between  the  bipoL 
ring  or  drum  and  bipolar  disc  armatures,  for  in  the  former  the 
opposite  sides  of  the  armature  core  are  in  reality  S.  and  N.  pol 
since  by  them  the  lines  enter  and  leave  the  core,  and  therefoi 
with  equal  truth,  it  may  be  said  that  there  are  two  fields  and  four 
poles  in  the  bipolar  ring  and  drum  dynamos.    In  reality  they  are 
all  dynamos  in  which  the  inductors  have  E.M.F.'s  generated  in 
them,  the  direction  of  which  along  their  length  changes  twice 
each  revolution,  and  by  reason  of  that  fact  they  may  all  be  call 
'  bipKjlar.' 

By  the  addition  of  a  split-ring  commutator,  to  which  the  en< 
of  the  loops  of  the  discoidal  and  true  disc  winding  are  attachi 
we  obtain  continuous-current  discoidal  and  disc  machines. 

The  principles  on  which  the  dynamos  of  Class  I.  are  based 
have  now  been  diagrammatically  exhibited  in  the  case  of  bipo! 
dynamos  ;  the  further  examination  of  their  multipolar  forms  wi 
be  found  to  present  no  special  difficulty,  and  wiU  be  postponed  f( 
subsequent  treatment. 

We  now  pass  to  dynamos  of  Class  II.,  or  those  in  which  eai 
inductor,  when  cutting  lines  of  induction,  is  always,  at  any  mom 
during  the  revolution,  cutting  them  in  the  same  direction,  a 
further  never  cuts  any  line  twice  in  one  revolution  ;  hence 
E.M.F.  generated  in  each  inductor  always  has  the  same  directi 
along  its  length,  or  is  newr  reversed.     As;  hfrnnv  wi-  may 
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divide  the  class  into  the  two  groups  of  (a)  those  in  which  the 
inductors'  active  lengths  are  parallel  to  the  axis  of  rotation,  and 
(b)  those  in  which  they  are  at  right  angles  to  the  axis  of  rotation. 
Consider  a  single  inductor  rotated  between  two  curved  pole- 
pieces,  as  in  fig.  53  ;  the  E.M.F.  generated  in  these  two  cases  will 
be  always  in  the  same  direction  along  the  inductor's  length,  and  it 
will  last  so  long  as  the  inductor  is  moving  through  the  field.  Now 
if  in  both  cases  the  pole-pieces  are  made  tubular,  there  will  be  no 
break  in  the  E.M.F.,  which  will  be  maintained  continuously  at  a 
constant  value  (fig.  54),  and  if  the  circuit  be  completed  by  joining 
the  ends  of  the  inductor  by  rubbing  contacts  to  an  external  resist- 
ance, we  have  a  unipolar  dynamo  giving  a  uni-directed  E.M.F. 


<^ 
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Fic  53.— UnipoUr  dynamo*. 


current,  both  externally  and  within  the  armature  itself.  In  the 
Second  or  B  case,  where  the  inductor's  length  is  at  right  angles  to 
the  axis  of  rotation,  it  is  simpler  to  mount  the  field  magnet  on  the 
spindle  as  shown,  thus  making  it  the  rotating  portion,  and  allowing 
the  armature  to  remain  stationary  ;  if  the  direction  of  rotation  be 
the  same  as  in  previous  cases,  the  E.M.F.  in  the  inductor  will  be 
directed  radially  inwards. 

Several  such  inductors  can  be  arranged  symmetrically  round 
the  axis  of  rotation,  as  in  fig.  55,  and  these  can  be  placed  in 
parallel,  so  as  to  carry  a  larger  current,  but  without  any  increase 
of  E.M.F.,  until  finally,  when  the  whole  available  space  is  occupied, 
we  arrive  at  a  solid  tubular  inductor,  or  a  solid  circular  disc  of 
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metal,  which  may  be  resolved  mentally  into  a  number  of  conlJguouj 
strips   in   electrical  contact  with  each  other ;    the  action  is 
same  as  if  there  were  only  one  inductor. 

But,  as  stated  before,  the  E.M.F.  which  can  be  thus  produc 
is  very  small,  and  in  order  to  increase  this,  two  or  more  inductors 
must  be  connected  in  series.  Let  us  consider  the  applicability  of 
the  previously-examined  methods  of  the  ring,  drum,  discoidal, 
disc  winding.     In  order  to  adapt  the  ring  armature  to  this  clj 


Sctttan 

Unipolar  conhniiomOirmil Dynmno*. 
Flo.  54. 

of  machine,  it  is  evident  that  when  an  inductor  on  ili 

periphery  of  the  core   has  cut  all  the  lines  as,  eg.,  ; 

the  core  on  the  right-hand  side  (fig.  56),  the  direction  of  E.M.| 

will   be   reversed    in  it  unless   it  avoids  the  lines  as  Ihcy 

from  the  core :  this  will  be  effected  if  the  other  pole  on 

opposite  side  of  the  core,  in.stead  of  bn 

placed  inside  the  ring,  provided  that  th. 

are  such  that  the  lines  will  not  leak  across  inside  in  a  dir 

unsuitable  to  our  purpose.    In  fig.  5/1  the  new  internal  positi^ 
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of  the  second  pole  is  shown,  together  with  the  new  path  of 
the  lines  of  induction.     The  armature  must  now  be  supported 
from     one     end     only, 
while  the  curved  horse- 
shoe magnet,  shown  in 
section    at    m,    bends 
round  at  the  other  end, 
one  pole  embracing  the 
outside  and   the   other 
projecting  into  the  inte- 
rior of  the   ring.      But 
at  once  it  is  evident  that 
the  inner  wires   of  the 
loops,  which  pre\nously 
formed  inactive  connect- 
ing pieces  coupling  together  the  external  inductors,  will  themselves 
become  active  inductors  when  the  loops  pass   the  inner  pole- 
piece,  and  that  they  will  be  coupled  together  by  the  conductors 
on  the  outside  of  the  ring.     Hence  the   same   conductors  will 
serve  first  as  inductors  and  then  as'  connectors ;  the  E.M.F. 


f  IC.  $6.  — Rlritf  unipolar  dynamo  with  two  inducton  iu  series. 

»ted  in  each  conductor  will  be  always  in  the  same  direction 
its  length,  but  round  the  loops  the  E.M.F.  will  alternate. 
Wc  ha^-c  thus  obtained  a  loop  in  which  the  P^.M.F.  alternates, 
from  it,  by  attaching  the  ends  to  a  pair  of  collecting  rings,  a 
ipolar  nng  alternator. 

The  drum  winding  is  difficult  of  application  to  the  present 


Fin.  ss-  -Unipolar  continuotu-cumnianiuiuns. 
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purpose,  since  it  involves  a  moving  joint  in  the  magnetic  circuit, 
the  core  forming  itself  one  pole,  and  the  lines  issuing  out  of 
end  of  the  drum. 

In  the  case  of  the  discoidal-ring  armature,  with  the  loop  wour 
round  and  through  the  core,  the  same  idea  can  ije  applied  as  in 
the  case  of  the  simple  ring  armature  ;  for  if  the  S.  pole  be  shifted 
to  the  opposite  side  of  the  ring  from  the  N.  pole  (fig.  57),  opp 
sides  of  the  loop  will  alternately  act  as  inductors,  and  the  E.! 
will  alternate  round  the  loop.  The  two  poles  in  this  arranger 
must  not  overlap  each  other,  and  the  lines  pass  in  a  slop 
direction  across  the  core. 


Ftc  57.— DilOOridal-riiic  unipolar  dynano  with  two  iiulucton  ia  <cri«. 

In  ring  and  discoidal  unipolar  alternators,  therefore,  the  two  poV 
are  arranged  either  outside  and  inside  the  core,  or  one  on  eitJ 
side  of  it ;  hence  we  are  not  mechanically  prevented  from  m.iking 
each  field  extend  over  more  than  half  the  circumference  of  the 
mean  path  described  by  the  rotating  inductors ;  but  this  is  not 
electrically  permissible  any  more  than  in  the  case  of  bipolar  arau' 
tures,  since  were  it  done  there  would  be  no  distinction  al« 
present  between  the  wires  which  are  inductors  for  the  time  b« 
and  those  which  are  more  connectors.  If  this  distinction  Ls 
maintained,  and  both  sides  of  the  loop  arc  allowed  to  \>e  mov 
under  the  pole-picccs  simultaneously,  the  E.M.F.'s  generated] 
the  two  sides  act  in  opposition  to  each  other,  or,  as  it  is  termed, ) 
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'  differentially,'  the  net  effective  E.  M.  F.  being  simply  the  difference 
between  the  two.  Any  such  differential  action  is  therefore  detri- 
mental to  the  proper  working  of  the  machine. 

The  same  holds  good  when  we  come  to  apply  the  disc  method 
_<«f  forming  a  loop  to  unipolar  armatures.     If  the  field  or  fields  be 

arated  and  clearly  marked  off  by  a  neutral  space  or  spaces, 

3Ugh  which  no  lines  of  induction  pass,  then  one  side  of  each 
loop  can  act  as  inductor,  and  the  other  side  as  connector,  provided 
that  the  width  of  the  loop  is  at  least  equal  to  the  width  of  the 
field,  and  also  is  not  greater  than  the  width  of  the  neutral  space. 
The  three  widths  must  be  measured  along  the  circular  path  tra- 
versed by  the  rotating  magnet  or  loop,  and  therefore  their  actual 
dimensions  \'ary  according  as  the  circle  along  the  circumference 
of  which  they  are  measured  be  taken  at  the  outside,  middle,  or 
inside  of  the  inductor's  length  ;  it  is,  however,  sufficient  to  consider 
only  their  widths  as  measured  on  the  circle  passing  through  the 
ceotie  of  die  inductor's  length,  which  gives  the  mean  path  tra- 
Tened.  The  conditions  stated  above  which  govern  the  width  of 
the  loop  are  necessitated  by  the  fact  that  the  connector  for  the 
time  being  must  be  outside  any  field  of  lines  in  order  to  avoid 
differential  action.  For  example,  in  fig.  58,  which  represents  a  uni- 
polar disc  alternator  with  rotating  field  magnet  and  stationary 
armature,  while  the  leading  edge  moves  from  i  to  3  no  lines 
traverse  c  d,  and  therefore  no  E.M.F.  is  induced  in  it;  but 
when  by  further  rotation  the  leading  edge  moves  from  3  to  \,  ad 
does  not  in  turn  cut  any  lines  itself,  and  consequently  the  E.M.F. 
ii  induced  only  in  cd.  Hence  the  E.M.F.  is  alternating  in 
direction  round  the  loop  as  one  side  or  the  other  forms  the  active 
inductor,  but  in  the  conductor,  which  is  for  the  time  being  cutting 
lines  or  acting  as  inductor,  it  is  always  in  the  same  direction  along 
its  lertgtb.  It  is  evident  from  the  diagram  that  the  field  must  not 
under  any  circumstances  extend  over  more  than  half  the  circum- 
ference of  the  mean  circle  described  by  the  inductor,  the  width  of 
the  loop  being  also  equal  to  half  the  circumference,  since  oiher- 
wtK  the  two  sides  of  the  loop  will  both  be. cutting  lines  in  the 
time  direction,  and  therefore  acting  differentially. 

'fbe  distinctive  feature  of  the  ring,  discoidal  and  disc  loops, 
I  applied  to  unipolar  machines,  is  that  they  arc  a  device  for 

IK. 
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subsequently  joining  two  active  inductors  in  series  j  they  do  ! 
themselves  do  so.  In  this  they  resemble  the  loop  of  the  ring 
bipolar  armature,  but  may  be  distinguished  by  the  fact  that  in  the 
latter  the  connecting  wires  never  become  inductors,  whereas  in 
unipolar  rings  first  one  side  of  the  loop  and  iht-n  the  other  is 
active.    Thus,  in  the  unipolar  armature  there  is  never  more  than 


Flc.  sB.  — DUc  unipolar  dynamo  wifh  two  inductors  in  leries. 


one  active  inductor  at  any  one  time  in  each  loop.     Even  in  - 
unipolar  machines  the  loop  does  not  itself  join  two  inductor 
series,  though  it  forms  a  starting-fMjint  by  which  it  can  be  dor 
and   hence  the  action  of  disc  machines,  however  similar  tht 
winding  in  appearance,  is  entirely  different  according  as  they  ast 
bi-  or  uni-polar. 

By  connecting  a  split -ring  commutator  to  the  ends  of  the  loops 
the  unipolar  machine  can  be  reconverted  into  a  dynamo  giving  a 
uni-directed  E.NLF.  and  current  in  the  external  circuit 
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CHAPTER    VIII 

BIPOLAR   AND   MULTIPOLAR   ALTERNATORS 

The  previous  chapter  has  shown  the  methods  by  which,  in  the 
bipolar  dynamo,  two  inductors  are  connected  together  in  series,  so 
as  to  form  a  pair  of  loops  in  the  case  of  the  ring  and  discoidal-ring 
armatures,  or  a  single  loop  in  the  case  of  the  drum  and  true  disc 
armatures  ;  the  next  step  will  be  the  formation  of  a  'coil,'  or  coils, 
of  many  such  loops  and  their  several  modes  of  connection  in 
order  to  still  further  increase  the  total  E.M.F.  of  the  machine. 

From  the  nature  of  the  loops  described  in  Chapter  VII.  it  is 
e>-ident,  as  has  been  already  pointed  out,  that  they  can  be  multi- 
plied by  simply  winding  more  of  the  wire  continuously  on  to  the 
core  after  exactly  the  same  fashion  as  the  original  loop,  since  the 
end  of  one  loop  will  serve  as  the  starting-point  for  the  next.  If 
these  several  loops  are  wound  on  the  top  of  each  other  in  the  case 
of  the  ring  or  drum  armatures,  or  by  the  side  of  each  other  in  the 
CBSe  of  the  true  disc,  each  loop  will  produce  exactly  the  same 
E.M.F.  as  the  first  original  loop,  provided  the  strength  of  field  be 
kept  the  same  ;  but  if  the  winding  l)e  thus  piled  up  in  two  or  more 
layers,  the  length  of  the  air-gap  is  necessarily  increased,  and 
therefore,  with  a  given  exciting  power,  the  strength  of  field  is 
greatly  reduced.  Hence  it  is  advantageous  to  wind  the  loops  side 
by  side  in  ring  and  drum,  or  on  the  top  of  each  other  in  disc 
wrmatures,  so  as  to  permit  of  the  retention  of  the  same  air-gap  as 
for  s  single  lf)Op. 

Fig.  59  shows  the  loop  thus  wound  for  equivalent  armatures  of 
the  ring,  discoidal,  drum,  and  disc  types,  in  all  of  which  four  in- 
ductors arc  joined  together  in  series.  As  before,  the  two  free  ends 
of  the  (oops  are  connected  to  two  collecting  rings,  one  of  which  in 
the  diagrams  is  shown  of  large  diameter  in  order  to  be  visible 


»3a 


THE  DYNAMO 


behind  the  other  ;  the  utelc  then  forms  a  bipolar  alternator,  from 
which  current  is  txken  by  aeuis  of  the  brushes. 

But  when  the  kx^  are  woand  as  shown  in  fig.  59,  they  han 
A  certain  width,  and  do  dm  therefore  all  occupy  identically  ilie 
same  position  rdatircfy  to  the  polar  surfaces  at  any  point  &f  t 
revolution ;  coBsajaeHiy  tte  E.M.F.  induced  in  the  diflertnt 
toops  forming  the  cofl  need  not  at  the  same  moment  be  alnajt 


i 


<(«.  <^    Kipoliu'  armatures  with  four  inductors  in  scries. 

^^ixction  or  amount,  and  this  renders  it  necessary 

te  effect  of  the  wndth  of  a  coil. 

<tmvn  round  the  external  surface  of  the 

thtvugh  the  middle  of  the  length  of  the 

~fi*ch-hne,*  the  '  pitch '  being  the  distance 

C  between  the  centres  of  a  pair  of  poles  of 

in  Atoothed  wheel,  the  pitch  is  the  distance 

ftom  the  centre  of  one  tooth  to  die 
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Ftc  60.— Development  of  annature  kliowing 
pitcfa-line. 


centre  of  the  next.  The  pitch-line  is  thus  the  mean  path  traversed 
b>'  the  rotating  inductors  or  fields,  as  explained  on  p.  129  ;  e.g.,  if 
the  ring  armature  of  fig.  59  be  imagined  to  be  cut  across  along 
the  line  marked  x,  and  flattened  out,  as  in  fig.  60,  A  a  is  the  pitch- 
line  and  a  b  the  pitch. 

In  the  following  discussion  the  widths  of  each  field  of  mag- 
netic lines,  of  the  neutral  space  between  two  fields,  and  of  the  coil, 
are  all  measured  along  the 
pitch -line,  and  are  ex- 
pressed in  terms  of  the 
pitch  as  the  unit  of 
measurement. 

Take  first  the  case  of 
ring  and  discoidal-ring 
armatures.  In  all  cases 
the  E.M.F.  generated  in  each  inductor  as  it  moves  under  a  N. 
pole  will  be  in  the  opposite  direction  along  its  length  to  that 
which  is  induced  in  it  when,  as  its  rotation  is  continued,  it  passes 
under  a  S.  pole  :  and  when  loops  are  wound  on  to  a  ring,  so  as  to 
form  a  continuous  coil,  and  the  E.M.F. 's  generated  in  their  active 
sides  are  to  lie  added  to  each  other,  they  must  be  in  the  same 
direction  along  the  lengths  of  contiguous  inductors.  On  this  con- 
sideration, then,  must  be  based  the  principle  governing  the  width 
of  a  coil  in  ring  and  discoidal  alternators,  viz.  that  the  loops 
of  one  and  the  same  coil  must  never  be  moving  at  the  same  time 
under  two  poles  of  opposite  sign,  otherwise  the  E.M.F.  generated 
in  the  portion  of  the  coil  which  is  moving  under  a  N.  pole  will  be 
in  the  opposite  direction  round  the  coil  to  that  which  is  generated 
in  the  jxjrtion  moving  under  a  S.  pole,  and  they  will  tend  to 
neutralise  each  other  ;  in  other  words,  the  two  portions  of  the  coil 
•rill  act  •differentially,'  the  resultant  E.M.F.  being  only  the  differ- 
ence l>etween  the  sums  of  the  E.M.F. 's  generated  respectively  in 
the  two  portions.  Tiie  problem  before  us  is  the  proper  propor- 
:j..ii.ng  of  the  widths  of  field  and  coil,  so  as  to  make  the  best  use 
ul  aji  annature  of  given  dimensions  running  at  a  given  speed. 

First  let  us  consider  the  effect  01  overwinding  the  entire  core 
ll.r         '  ill  loops  forming  one  continuous  coil  (fig.  61);  in 

til  t.c  it  will  be  seen  from  the  diagram  that,  whatever 
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the  width  of  the  beki,  the  m^  coil  nnst  iIwajFS  he  under' 
poles  at  the  bbk  timev  and  caoKquentiy  there  will  alwajsl 
diOacntai  actkn  betveen  inductofs  oa  opposite  sides  of  the  core  ; 
further,  the  E.M.F.  prodooed  on  either  side  being  at  any  tnomcnt 
exactly  eqoal,  the  rcsnhant  E.M.F.  is  nil.  If,  however,  instead  of 
fiwnm^  one  sin^  ooS,  the  winding  be  divided  into  two  separate 
portions,  as  ia  the  ring  ol  fig.  62,  where  one  of  the  two  portions  n 
is  shown  dotted,  the  action  of  BwiO  be  exactly  similar  to  the  action 
of  the  other  portion,  a,  both  in  phase  and  intensity.  It  will  suf- 
fice^ therefote,  in  the  fitst  pbce,  to  consider  the  action  of  one  half 

of  the  rin^  A,  apart  from  the  other,  b  ; 
having  determined  the  proper  width  1 
coil  A,  we  shall  also  have  determti 
the  proper  width  of  coil  u,  and  it 
remain  to  be  seen  how  the  two  coils,  k. 


Fig.  6j. 

and  B,  can  afterwards  be  coupled  together  in  order  to  produce 
a  useful  result 

Starting,  therefore,  with  coil  \  of  width  equal  to  the  pitch,  | 
us  first  make  the  width  of  each  field  equal  to  the  pitch,  as 
may  be,  neglecting  the  fact  that  there  would  be  excessive  It 
of  the  lines  across  from  each  edge  of  the  poles  into  the 
edgeii,  where  they  come  into  close  proximity  with  each  olbe 
case  is  shown  in  fig.  62,  and  from  the  diagram  it  will  be  seen 
there  is  no  \l  .iction  between  opposite  ends  of  the 

just  at  the  1 1  lien  tlic  coil  is  centrally  situated  uiu 


rSlPOLAR  AND  MULTIPOLAR  ALTERNATORS     135 


Immediaiely,  however,  that  the  coil  a  moves  from  the 
ion  shown  in  fig.  62  difTcrential  action  is  at  once  set  up ;  the 
ide  loops  at  end  b  will  be  cutting  lines  emerging  from  the  N. 
while  those  at  end  a  are  still  cutting  lines  entering  into  the 
'le  ;  and  consequently  the  E.M.F.  of  the  latter  loops  will  be 
y  counterbalanced  by  the  back  E.M.F.  set  up  in  the  former, 
the  coil  is  exactly  midway  between  the  poles,  as  in  fig.  63, 
M.F.  at  all  will  be  obtained  from  the  coil  as  a  whole,  since 
the  outside  loops  at  b  are  cutting  lines  issuing  from  the  N.  pole  at 
same  rate  as  those  at  a  are  cutting  lines  entering  into  the  S. 
and  therefore  their  E.M.F.'s  are  exactly  equal  and  opposite. 
le  later,  however,  the  loops  at  b  will  more  than  counterbalance 
at  <j,  until  once  again  the  coil  is  central  under  one  pole,  and 
Ac  ma.\imum  E.M.F.  is  produced.  Hence,  when  the  coil  is 
entering  or  leaving  a  field,  all  the  loops  are  not  equally  active  ; 
and  if  the  width  of  the  field  be  equal  to  the  pitch,  there  is  only 
one  moment  when  there  is  no  differential  action  between  the  two 
ends  of  coil  s  {cp.  fig.  185). 

But  an  inspection  of  fig.  63  shows  that  the  time  during  which 
there  is  dififerential  action  depends  on  the  amount  by  which  the 
width  of  the  coil  exceeds  the  width  of  the  neutral  gap  between  the 
fields,  and  will  therefore  be  diminished  if  the  coil  be  reduced  to  a 

Kh  more  nearly  equal  to  the  gap.     By  so  doing,  however,  the 
ber  of  inductors  in  the  coil  is  necessarily  reduced,  until  finally, 
a  width  of  field  equal  to  the  pitch,  and  no  appreciable  neutral 
gap,  if  the  loops  of  the  coil   are  never  at   any  moment  to  be 
moving  at  the  same  time  under  two  poles  of  opposite  sign,  the 
^ttl  must  have  no  appreciable  width,  but  must,  in  fact,  be  concen- 
^Hted  approximately  into  a  single  line. 

^^  Fig.  64  shows  a  ring  arrangement  of  this  kind  in  which  the 
widtli  of  the  poles  is  nearly  equal  to  the  pitch,  and  differential 
action  is  entirely  avoided  by  making  the  coil  very  narrow, 
however,  this  is  so,  there  cannot  at  best  be  more  than  one 
o  loops,  and  therefore  the  total  E.M.F.  produced  by  the  coil 
low  with  any  practicable  density  of  field.  Further, 
portion  of  the  a\'ailable  space  round  the  armature  core 
tiich  loops  could  be  wound  will  not  be  utilised,  although,  when 
centrally  under  one  or  other  pole,  the  coil  might  usefully 
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be  wider.     The  consequence,  therefore,  of  adopting  a  nia^imti 
width  of  field  is  that  a  minimum  width  of  coil   is  required 
order  to  avoid  any  differential  action. 

The  course  followed  so  far  has  consisted  in  the  reduction  of 
the  width  of  the  coil,  but,  while  still  retaining  a  coil  of  width  equal 
to  the  pitch,  it  is  also  open  to  us  to  reduce  the  width  of  the  field. 
Again,   the   portion    of    a    revolution   during    which    there 


BvtlarAlttnuUam 
m/A  muuMun  wuith  ^aat 
A  mAxtnuim  undtA,  affiMld. 

I'lC.  «4. 

differentia]    action    is    diminished,    but    if    there   is   to  be 
differential  actiun  the  width  of  field  must  be  reduced  to  a  mi 
line,  as  indicated  in  fig.  65.     Hence  the  retention  of  the  ni 
mum  nuniljer  of  inductors  necessitates  a  minimum  width  of  6 
if  differential  action  is  to  lie  avoided. 

Both  the  above  trains  of  arj;umenl,  it  will  I 
11c  conclusion,  viz.  lliat  tJiere  will  always  bi. 
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antil  the  width  of  the  coil  is  reduced  to  not  more  than  the  width 
of  the  gap  between  the  two  fields  measured  along  the  pitch-line. 
We  arc  thus  led  to  a  width  of  field 
less  than  the  pitch,  and  a  width  of 
winding  not  greater  than  the  gap 
between  the  two  fields.  How  large 
the  E.M.F.  induced  in  the  coil  is 
with  a  given  speed,  strength  of  field, 
and  number  of  turns  will  depend 
on  the  values  given  to  the  two  ratios 
width  of  field        J   width  of  winding 

fli3  ana  pitch 
It  will  be  observed  that  width  of 
field  has  been  spoken  of  throughout, 
and  not  width  of  pole,  owing  to 
the  fact  that  there  is  a  certain  fringe 
of  lines  spreading  out  from  the 
edges  of  the  poles,  which  renders 
the  width  of  field  greater  than  the 

of  pole,  and   this  difference 

be    taken    into  account    in 

Mors.  In  modern  alternators  both  field  and  coils  are 
nccntrated  to  different  degrees  ;  but  the  general  rule  to  which 
most  approximate  may  be  considered  to  be  width  of  winding  equal 
to  width  of  field,  and  both  equal  to  half  the  pitch. 

We  have  now,  therefore,  discussed  the  proportions  which 
should  exist  between  the  pilch  and  a  coil  wound  on  one  half  of 
Ihc  armature  ring  In  order  that  it  may  give  its  due  E.M.F.  But 
1  aeoond  coil  may  be  wound  on  the  other  half  of  the  armature 
oore,  di^unetrically  opposite  to  the  first,  since  all  that  has  been 
aid  about  the  first  coil  will  hold  good  equally  for  the  second  ;  this 
Utter  will  give  a  useful  E.M.F.  exactly  similar  to  that  of  the  first 
ctnl,  both  in  phase  and  intensity  ;  and,  as  has  been  hinted,  it  can 
be  usefully  connected  with  the  first,  either  in  series  or  in  parallel. 
To  do  so,  it  must  be  remembered  that  if  the  E.M.F. 's  generated 
in  the  inductors  forming  parts  of  the  coil  a  (fig.  62)  are  up  out  of 
tile  pUnc  of  the  paper,  the  E.M.F.'s  generated  in  b  will  be  down 
tfaraugb  the  (>a|)er.  Each  coil  may  be  wound  right-  or  left-handedly ; 
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i.e.  if  wc  follow  any  inductor  above  the  horizonuU  diameter  along 
the  exterior  of  the  core,  aw-ay  from  our  point  of  view,  it  will  Ic 
us  on  to  another  inductor,  which  may  lie  either  further  to* 
our  right  hand  or  towards  our  left  hand  ;  e.g.  in  fig.  62  Iwth  co 
are  wound  right-handedly  as  viewed  from  al;ove  the  plane  of 
paper,  but  as  viewed  from  the  opposite  side  of  the  core  (by  he 
ing  the  page  up  to  the  light)  they  are  wound  left-handedly.    Hen 
if  the  two  coils  are  each  composed  of  one  or  any  uneven  numt 
of  layers,  and  are  to  be  joined  in  series,  and  ( i )  they  are 
wound  in  the  same  direction,  the  end  of  one  coil  must  be 


R^kaiukA       ^^,„^ 


Xi^/U^ieft  handed. 
Stria  nHmtttt. 

Flc  66. — Series  and  panJId  cwneclicns  for  ring  altcrnaur. 

across  to  the  further  end  of  the  coil  (fig.  66),  the  other  two 
being  attached  to  the  two  collecting  rings  ;  or  (a)  if  they 
wound  in  opposite  directions  the  contiguous  ends  of  the  coQs 
joined  together. 

The  connections  required  for  placing  the  two  coils  in  puallel 
are  exactly  the  reverse  ;  if  wound  in  the  same  direction 
bounng  ends  are  brought  to  the  same  collecting  ring  ;  if  in  o[i 
site  directions  opposite  ends  arc  so  joined.     Having  regnid  to  I 
rise  of  potential  in  each  coil  from  one  end  to  the  other,  and  < 
connection,  it  will  be  seen,  from  fig.  66,  that  when  the  coils  ar 
one  layer,  for  scries  connection,  a  direction  of  winding  oltenvi^ 


DU 
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right-  and  lefl-handed  is  the  more  convenient  arrangement ;  while 
for  pai&llel  connection  a  similar  direction  of  winding  in  the  two 
omls  is  the  better.  If  the  winding  is  to  be  disposed  in  two  layers, 
it  is  most  convenient  to  begin  the  winding  of  each  coil  at  its  centre 
by  Liying  the  middle  (lart  of  the  wire  on  the  core,  and  thence 
winding  up  to  either  end  of  the  first  layer  and  back  to  the  centre  ; 
ihus  both  ends  of  the  coil  arc  brought  to  the  centre  and  on  the 
outside  layer. 

If  both  the  coils  are  of  width  equal  to  half  the  pitch  (the  most 
usual  proportion),  as  shown  at  the  top  of  fig.  70,  it  will  be  seen  that 
only  half  the  total  surface  of  the  armature  core  is  covered  with 
winding,  and  this  is  grouped  into  two  distinct  coils.  We  can,  in 
fact,  already  see  the  reason  for  the  peculiar  characteristic  of  the 
altcriiator  which  distinguishes  it,  not  only  in  action,  but  even  in 
appearance,  from  the  dynamos  to  be  described  later,  which  give  a 
uni-directed  current.  In  the  alternator  the  inductors  are  concen- 
trated into  coils  sharply  separated  off  from  one  another  by  inter- 
vening spaces  of  core  on  which  there  is  no  winding,  and  of  these 
coils  the  bi-  and  multi-polar  ring  or  discoidal  alternators  have  as 
many  as  there  are  poles  of  opposite  signs.  Further,  when  enter- 
ing or  leaving  a  magnetic  field,  all  the  turns  are  not  equally  active, 
but  only  gradually  come  into  play,  the  inductive  effect  of  each 
inductor,  as  it  enters  the  field,  Ijeing  added  on  to  the  E.M.F.  pro- 
dii'  cd  m  those  inductors  which  are  already  cutting  the  lines  of  the 
fiLile  under  which  they  are  moving.  Owing  to  this  action  the 
E.M.F.  of  each  coil  as  a  whole  rises  gradually  to  a  maximum 
whtn  centrally  situated  in  the  field,  and  then  gradually  falls  to 
cero,  to  rise  again  to  a  maximum  in  the  opposite  direction.  Con- 
•equently  the  curve  of  impressed  E.M.F.  for  a  whole  coil  during 
one  complete  re^'olution  has  an  undulatory  shape  very  similar  to 
the  sine  curve  of  fig.  25  ;  thus  in  fig.  67  each  of  the  small  curves 
represents  the  E.M.F.  induced  in  one  turn  of  the  coil,  and  by  the 
ailfii  lose  small  curves  the  large  curve  is  obtained  which 

doir  ,  lies  a  sme  curve,  although  its  component  cur\'es  are 

Duch  flatter  and  show  no  marked  peak. 

On  passing  to  bipolar  alternators  whose  armatures  are  wound 

ibc  drum  or  true  disc  nieiliod,  the  governing  principle  which 

determines  tl»e  width  of  winding,  viz.  the  avoidance  as  far  as 
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possible  of  diflerential  action  between  portions  of  one  an^ 
same  coil,  is  precisely  the  same  as  in  the  ring-wound  armatur 

but  the  required  conditio 
must  be  modified  in  ordi 
to  suit  the  changed  nature  of 
the  case  ;  for  in  the  drum 
and  disc,  as  opposed  to 
ring  or  discoidal,  armatures, 
while  the  opposite  sides  of 
each  loop  must  always  be 
moving  under  poles  of  oppo- 
site sign,  ont  side  of  a  coil 
must  never  be  moving  at  the 
same  time  under  two  poles  of 
opposite  sign,  if  there  is  to 
be  no  differential  action. 
Starting  with  this  rule,  let 
pursue  the  same  course  as 
the  case  of  ring  armatures. 

From   the   nature  of  tlM_ 
winding,  the  maximum  wid 
which  a  coil  can  have  is  twu 
the  pitch,  each  side  having] 
width  equal  to  the  pitch,  as  is  shown  in  the  diagram  of  a  dr 
armature  in  fig.  62.     Such  an  arrangement  is  the  exact  equivale 
of  the  ring- wound  armature  shown  at  its  side,  wound  with  two  co 
each  having  a  width  equal  to  the  pitch,  and  connected  together  | 
series  ;  even  when  the  width  of  field  be  equal  to  the  pitch  (i| 
before  neglecting  the  question  of  leakage)  there  is  still  a  moment 
in  each  half-revolution,  viz.  that  shown  in  fig.  63,  when  tiicre  is 
no  differential  action.     At  any  other  moment,  however,  there  will 
be  differential  action,  and  the  time  during  which  such    ' 
action  lasts  can  only  be  reduced  by  reducing  either  \.\v 
the  winding  on  each  side  of  the  coil  or  the  width  of  the  field, 
both.     If  there  is  never  to  be  any  differential  action  a(  all, 
the  width  of  field  be  retained  at  its  maximum,  the  side  of  the  < 
must  have  no  appreciable  width,  and  the  inner  and  outer  loops  1 
Ihi"  rciil  must  be  lakt-ri  (iff.  until  only  one  or   two  rc-ntnin,  at 
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width  of  the  coil  is  equal  to  the  pitch  (fig.  64).  If,  on  the  other 
hand,  the  maximum  number  of  inductors  is  still  retained,  the 
width  of  the  field  must  be  reduced  to  a  mere  line  in  order  to  avoid 
all  differential  action  (fig.  65). 

Again,  therefore,  we  are  led  to  a  compromise  between  width 
of  winding  and  width  of  field.  Since  opposite  sides  of  each  loop 
must  never  be  moving  under  the  same  pole,  the  inner  loop  which 
has  the  minimum  width  must  not  be  less  in  width  than  the  field, 


bipolar  alternator  arnuUurei^UttwinoU/ig  in  one  caii 

Fig.  63. 

I  further,  since  one  side  of  a  coil  must  never  be  moving  undfi 
two  poles  of  opposite  signs,  the  width  of  the  winding  in  one  side 
of  a  coil  must  not  Ix;  more  than  the  width  of  the  gap  between  the 
two  fields  ;  only  under  these  conditions,  which  are  represented  in 
the  drum  and  disc  armatures  of  fig.  6S,  will  differential  action  be 
avoided.  The  second  of  the  two  conditions  determines  the  per- 
■Bsuble  width  of  winding  in  the  bipolar  drum  or  disc  alternator 
when  wound  with  a  single  coil,  as  in  fig.  68;  but  this  single  coil 
may  equally  well  be  regarded  as  divided  into  two  separate  coils. 
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each  giving  an  E.M.F.  exactly  similar  in  phase  and  intetwity, 
connected  in  series.  If  the  drum  or  disc  armature  of  fig.  68  be 
cut  down  to  the  spindle  along  the  line  x  o  and  flattened  out,  then 
if  the  inactive  end-connectors  are  entirely  on  one  side  of  the  spindle, 
as  shown,  the  development  of  the  flattened-out  armature  shows  in 
plan  one  single  coil  containing  two  groups  of  inductors  with 
E.M.F. 's  in  opposite  directions,  as  viewed  from  either  end  (fig.  68). 
If,  however,  the  single  coil  be  divided  into  two  halves  by  taking 
one  half  of  the  connectors  round  on  either  side  of  the  spindle,  as 
in  fig.  69,  the  same  two  groups  of  inductors  are  di\nded  into  two 
sep>arate  coils  in  which  the  current  circulates  in  opjx)site  directions 
without  in  any  way  affecting  the  total  E.M.F.  When  so  divided 
the  depth  of  the  connecting  pieces,  which  join  together  the  in- 
ductors, is  halved,  and  consequently  space  is  economised,  as  is  ! 
by  comparing  the  bipolar  drum  and  disc  armatures  of  figs.  68  an 
69;  and  this  advantage  liecomes  even  more  marked  in  the  case  1 
multipolar  drum  and  disc  alternators.  Further,  the  two 
coils  can  now  be  connected  in  parallel  equally  as  well  as  in  serie 
when  they  are  to  be  connected  in  parallel  it  is  advantageous 
wind  them  in  opposite  directions,  as  shown  in  fig.  69  (2),  sine 
then  the  adjacent  wires  of  the  two  coils  are  always  at  the 
potential. 

When  thus  divided  the  width  of  each  of  the  two  coils  is  equal 
to  the  pitch;  in  other  words,  the  outer  loop  spans  thu  diameter  01 
the  armature,  and  the  width  of  each  side  of  each  coil  is  equal  lo 
half  the  gap. 

We  thus  arrive  at  two  coils  for  a  bipolar  drum  or  disc,  as 
a  ring,  alternator,  i.e.  as  many  coils  as  there  are  poles  in  the  ca 
of  drum,  or  as  there  are  pairs  of  poles  in  the  aise  of  disc  site 
nators  ;  and  the  principles  which  govern  their  width  are  identic 
the  most  general  proportions  being  width  of  inner  loop  equal 
width  of  field,  and  both  equal  to  half  the  pitch,  the  outer  loc 
having  a  width  equal  lo  the  pitch.     This  leads  to  the  same  rc"su 
as  for  the  ring-wound  armatures,  one  half  of  the  armature  cc 
being  covered  with  winding.     Fig.  70  represents  diagrammaticaij 
equivalent  armatures  of  the  four  types,  each  with  its  coils  in  \\ 
position  of  t  I  ,,  and  all 

avoiding  any  rethcsanw 
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gjinM  and  {«nJtel  <oimeciiot)«  for  hi(>»Urtlrum  ami  ilUc  Allenuior  amiaturawith 
iniiilUtg  dividc^l  into  two  coils. 
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of  inductors  similarly  disposed  in  all  the  machines,  their  cuf 
impressed  E.M.F.  will  be  analogous,  and  in  all  will  be  appro 
mately  sinoidal  in  shape. 

In  most  commercial  alternators  it  is  desired  to  produce  a  I 


Ktc.  70.-  Dipolar  atrrmaton  with  both  width  of  windjjig  and  width  of  fi«I.U 
v'jiwt  10  luirihe  iiitch. 


number  of  alternaiions  persecond,  or  a  high  'pcri 
from  40  to  140  complete  j>criods  per  second,  and 
E.M.F.,  usually  of  1,000  or  2,000  volts.  Eachc<  1 
undulation  of  the  E.M.F.,  as  sliown  in  fig.  67,  is  pii..^iu,.tJ  I 
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passage  of  a  coil  through  two  magnetic  fields  in  opposite  direc- 
tions, and  in  a  bipolar  alternator  the  pair  of  fields  is  passed 
through  once  in  each  revolution  ;  consequently  its  periodicity  is 
equal  to  the  number  of  revolutions  per  second.  If,  therefore,  the 
speed  at  which  an  armature  of  sufficient  size  to  give  the  required 
output  can  be  safely  or  conveniently  driven  is  not  sufficiently  high  to 
give  the  desired  periodicity,  it  is  necessary  while  retaining  the  same 
width  of  winding  on  the  armature  relatively  to  the  width  of  field 
10  make  the  coils  pass  through  more  than  one  pair  of  fields  in  each 
rr\'olution.  In  other  words,  the  alternator  must  be  multipolar. 
If  we  suppose  the  bipolar  alternators  of  fig.  70  to  be  divided  along 
!  line  o  X  by  a  cut  passing  through  the  armature  core  down  to 
I  spindle,  and  then  to  be  opened  out,  so  as  to  form  a  portion  of 
a  large  cylinder  with  a  flatter  surface  or  a  larger  disc,  we  obtain 
the  results  shown  by  full  lines  in  the  left  half  of  fig.  71.  From 
this  figure  it  is  evident  that  the  pair  of  fields  to  the  left  can  be  re- 
peated indefinitely  any  number  of  times,  if  they  are  arranged 
symmetrically  round  the  enlarged  armature  core,  so  as  to  form  a 
complete  circle,  a  N.  pole  and  a  S.  pole  succeeding  each  other 
tely  all  round ;  and  the  dotted  portion  to  the  right-hand  side 
71  shows  a  pair  of  fields  thus  repeated.  By  thus  multi- 
Ihe  number  of  pairs  of  fields  through  which  the  coils  must 
in  each  revolution,  the  number  of  complete  undulations  of 
Ibe  E.M-F.  of  the  coils  shown  in  full  lines  is  increased  correspond- 
If/=lhe  number  of  pairs  ot  fields,  each  pair  is  passed 
every  revolution,  and  therefore  the  number  of  periods  in  one 
lution  is  /.     Hence  if  N=the   number  of  revolutions  per 


the  periodicity  of  the  multipolar  alternator  is 


60  ■ 


In  the  case  of  ring  and  drum  alternators,  /  is  also  the  number 
id  jairs  of  poles  :  but  in  the  case  of  discoidal-ring  and  disc 
machines  Uie  number  of  pairs  of  fields  is  equal  to  the  number  of 
of  poles  counted  on  one  side  only  of  the  armature,  the 
«ite  poles  forming  a  portion  only  of  the  same  fields.  If, 
therefore,  p=the  number  of  jwles  round  a  ring  or  drum  armature, 
ur  on  one  side  only  of  a  discoidal-ring  or  disc  armature,  the 

lula  for  the  periodicity  may  be  put  in  the  form p. 
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Hence,  by  increasing  the  number  of  pairs  of  fields,  the  pcrtt 
dicity  of  the  multipolar  alternator  for  a  given  number  of  revolution 
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per  minute  can  be  raised  to  any  required  figtire.    A  vety] 
periodiciiy  is  loo,  or,  as  it  is  symbolically  expressed    --- 
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tgcr  the  output  and  size  of  the  alternator,  the  slower  the  speed 

which  it  is  desirable  to  drive  it  ;  consequently  the  numljer  of 

Ics  required  to  give  a  periodicity,  or,  as  it  is  sometimes  termed, 

'frequency'  of  100,  will  range  from  16  poles  with  750  revolutions 

minute  to  20  poles  with  600  or  24  poles  with  500  revolutions 

minute. 

But  it  is  not  only  the  pairs  of  fields  which  can  be  repeated :  the 
can  also  be  repeated  for  every  pair  of  fields,  and  fig.  7 1  shows 
dotted  lines  a  second  pair  thus  repeated  and  connected  in 
ics  with  the  original  pair.     We  thus  obtain   in  the  multipolar 
teniator  several  pairs  of  fields,  and  as  many  coils  as  there  are 
ields,  lx)th  being  arranged  symmetrically  in  circles  about  a  com- 
on  centre  or  axis  :  all  the  coils   will  occupy  at  any  moment 
ictly  the  same  position  relatively  to  a  magnetic  field,  and  there- 
re  the  phase  and  intensity  of  the  alternating  E.M.F.  induced  in 
icb  will  be  identical.     Hence  they  can  be  coupled  together  in 
lies,  so  as  to  form  a  continuous  winding,  or  can  be  divided  into 
l.'wo  or  more  parallels,  according  as  —         ,ire  a  high  E.M.F.  or 
large  current  ;  and  the  total  '  .^Jies&cu  ^.M  F   of  the  machine 
any  moment  is  equal  to  the  E.M.F.  induced  by  any  one  coil 
lultiplicd  by  the  number  of  coils  that  are  in  series.     Thus  by 
icreasing  the  number  of  coils  that  are  in  series,  the  E.M.F.  of  the 
tor  is  increased,  just  as  the  periodicity  is  increased  by  in- 
g  the  number  of  pairs  of  fields.     The  presence,  therefore, 
veral  {lairs  of  poles  and  coils  introduces  nothing  new  in  the 
of  the  action,  and  the  multipolar  alternator  may  be  simply 
cd  as  made  up  of  several  bipolar  alternators.    The  principle 
idtng  relative  widths  of  fields  and  of  winding  in  each  coil  remains 
same,  and  with  the  general  proportion  idopted,  one-half  of  the 
lure  core  is  covered  with  winding. 
The  methods  of  connecting  up  the  coils  in  series  or  parallel 
e  the  name  as  those  above  described  for  bipolar  alternators  ;  if 
enure  winding  be  in  series,  the  full  difference  of  potential  of 
machine  exists  l)etween  the  adjacent  coils  which  form  the 
inning  and  the  end,  and  it  is  therefore  a  frequent  practice, 
tally  in  drum  and  disc  machines,  to  divide  the  winding  into 
halves  in  parallel,  so  that  each  coil  then  carries  only  half  the 
annatuiK  current.     When  this  is  done,  it  is  advantageous,  a& 
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already  explained,  to  retain  the  same  direction  of  windir 
junction  of  the  two  halves  in  the  case  of  ring  and  discoid 
armatures,  but  to  reverse  it  in  the  case  of  drum  or  disc  ar 
In  all  cases   it  is  indifferent  whether  the  armature  or 
magnets  rotate.     In  the  former  case  the  ends  of  the 
winding  are  brought  to  two  collecting  rings,  which  rotate  ' 
armature   spindle,  and  upon  which  rest   the   stationary 


Fic.  7>.— DUgram  of  fine  mulilpolv  alienxior. 

forming  the  terminals  of  the  exterruil  circuit.  In  the  latl 
stationary  terminals  are  attached  to  the  armature,  but  c< 
rings  have  to  be  applied  to  the  system  of  rotating  nwgni 
and  out  of  which  the  exciting  current  for  the  field  windii 
by  means  of  brushes  or  rubbing  contacts. 

The  form  of  the  magnetic  circuit  and  of  the  mignet 
suits  each  of  the  different  types  of  armatures  remains  to 
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udered.     In  the  cases  both  of  the  ring  and  drum -wound  arma- 
nires,  the  annature  may  be  internal  or  external  to  the  poles,  these 
latter  being  in  the  one  case  united  by  a  common  circular  yoke- 
tiag  external  to  the  whole  (fig.  72),  or  in  the  other  by  an  internal 
nn^  so  as  to  form  a  kind  of  star,  as  in  fig.  73.     Fig.  72  shows 
diagrammatically  a  ring-wound  armature,  surrounded  by  twelve 
ertemal  poles,  pointing  radially  inwards,  and  each  wound  with  an 
exciting  coil  ee  ;  one-half  of  the  machine  is  shown  in  section  in  the 
end  view,  and  one  quarter  in  the  side  view,  the  paths  of  the  mag- 
netic induction  being  there  marked  by  dotted  lines.     It  will  be 
leen  that  the  total  flux  of  lines  forming  one  field  passes  entire 
through  each  magnet  core,  and  bifurcates  on  reaching  the  arma- 
ture core  or  the  yoke-ring,  y.     In  practice  the  system  of  magnets 
would  be  supported  from  the  bed-plate,  which  is  omitted  in  the 
un  for  the  sake  of  clearness.     The  winding  is  divided  into 
halves  in  parallel ;  the  inductors  of  each  coil  are  shown  as 
in  one  layer  only  of  six  turns,  although  in  most  cases 
would  be  a  large  number  of  turns,  possibly  in  two  layers, 
current  is  collected  by  the  brushes  h  b',  bearing  on  the  two 
cting  rings,  which  are  placed  on  opposite  sides  of  the  arma- 
Fig.  73  shows  an  equivalent  drum-wound  alternator  with 
poles,  which  rotate  while  the  armature  remains  stationary. 
rent  is  supplied  to  the  exciting  coils  by  the  brushes  and  collect- 
rings,  while  the  alternating  E.M.F.  and  current  is  obtained 
the  stationary  terminals  of  the  armature  a  d.     At  the  right 
,  is  shown  an  internal  view  of  one  half  of  the  annature  wind- 
;  afier  removal  of  the  magnets  ;  the  coils  which  are  in  series 
wound  in  the  same  direction,  but  the  direction  of  winding  is 
reversed  at  the  points  where  the  two  halves  of  the  armature  are 
grilled  in  parallel.     Since  half  the  number  of  coils  is   an  even 
-.umber,  this  junction  is  effected  by  connecting  together  contiguous 
::.-.iile  ends  of  one  pair  of  coils  (as  at  a)  and  the  distant  inside 
en  Ji  Cas  at  d)  of  the  coils  at  the  opposite  end  of  a  diametral  line. 
If  h.ilf  the  number  of  coils  had  been  an  uneven  number,  contiguous 
tmide  ends  and  contiguous  outside  ends  would  have  been  joined 
gether.     The  maximum   difference   of  potential   which  exists 
en  any  two  adjacent  wires  is  equal  to  that  generated  by  a 
pair  of  coils,  and  hence,  even  in  a  machine  giving  2,000  volts  of^H 
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effective  E.M.F.,  does  not  amount  to  more  than  about  950 
at  the  moment  of  maximum  induced  E.M.F.    Just  as  the  ring 
armature  can  be  adapted  to  suit  a  revolving  internal   magnet, 
so  also  the  drum  method  of  winding  may  equally  be  applied  to  the 
outside  of  a  cylindrical  iron  core,  which  revolves  within  an  external 
set  of  magnets.  In  the  case  of  the  discoidal-ring  and  disc  machines 
(figs.  74  and  75)  the  magnets  w  m  form  two  crowns,  being  united 
by  two  circular  yoke-rings,  y  y,  one  on  either  side  of  the  armature. 
In  the  former  or  flat-ring  machine,  poles  of  the  same  name  are 
presented  exactly  opiMjsite  to  each  other  on  either  side  of  the 
armature  core,  and  the  lines  which  enter  into  it  from  a  p>air  of  N. 
poles  flow  in  either  direction  through  the  armature,  issuing  forth 
where  a  neighbouring  pair  of  S.  poles  is  presented  ;  in  the  disc 
alternator,  on  the  contrary,  opposite  poles  are  of  opposite  sign,  and 
the  lines  flow  straight  across  the  air-gap  from  one  pwle  to  anotbef« 
In  figs.  74  and  75  the  left-hand  lower  quarter  of  the  side  vi^^| 
shows  the  armature  with  the  nearer  field  magnets  and  yoke-riflP 
removed,  and  the  right-hand  lower  quarter  shows  the  further 
s>'stem   of  poles,  the   armature   itself  being   removed.     In   the 
discoidal-ring  alternator  of  fig.  74  the  winding  is  arranged  in  two 
parallels,  and  is  exactly  analogous  to  that  of  the  simple  ring 
alternator ;  the  magnet  cores   on  which  the   exciting  coils  are 
wound  are  cylindrical,  while  the  pole-pieces  have  a  rectangular 
shape,  the  width  of  field  being  equal  to  the  width  of  winding 
coil  when  measured  on  the  pitch-line  or  mean  circumference' 
the  armature. 

In  the  disc  alternator  (fig.  75)  the  winding  is  analo-;  f- 

of  the  drum  armature  of  fig.  73,  except  that  twelve  in': 
shown  in"  each  coil.    The  coils  being  arranged  so  as  10  foi 
complete  circular  disc,  their  shape,  as  shown  in  fig.  75,  is  mora 
less  trapezoidal  or  pxjar-shaped,  being  broadest  on  the  exti 
periphery  of  the  armature,  and  gradually  tapering  inwards 
their  radial  depth.     The  polar  surfaces  are  shown  of  a 
corresponding  to  the  inside  loop  of  a  coil,  the  magnet  cores, 
having  a  similar  trapezoidal  section  ;  as  in  the  other  altci 
diagrams,  the  width  of  field  is  equal  to  the  width  of  wim 
when  measured  on  the  pitch  line,  and  both  are  equal  to  half 
nitch. 
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In  both  the  discoidal  and  disc  machines,  if  the  neighbourin 
pole-pieces  on  one  side  of  the  armature  come  into  close  proximi^ 
to  each  other,  a  considerable  number  of  the  lines  leak  across  fro^ 
the  neighbouring  edges  of  each  N.  and  S.  pole  without  passiE 
through  the  armature  at  all,  and  thus  are  entirely  useless  for  the 
purpose  of  inducing  E.M.F.     The  leakage  of  lines  is  therefore 
more  marked  in  such  machines  than  in  ring  and  drum  alternators, 
where  the  width  of  the  gap  between  neighbouring  magnets  is  not 
reduced  to  less  than  the  width  of  the  gap  when  measured  on  the 
pitch-line  ;  it  is  especially  marked  in  disc  machines  owing  to  the 
air-gap  in  them  being  usually  longer  than  in  discoidal  alternator 
In  order  to  reduce  this  leakage,  the  pole-pieces  of  some  discoid 
machines  have  been  slightly  tapered  at  their  inner  ends,  as  sho¥ 
in  fig.  74,  so  that  their  shape  is  not  strictly  rectangular,  and  do 
not  exactly  correspond  with  the  shape  of  the  coils  :  these  latt4 
necessarily  have  parallel  sides,  since  there  are  as  many  turns  of  wi« 
on  the  inner  periphery  of  the  armature  as  there  arc  on  the  outsid^ 

Finally,  it  should  be  observed  that  if  the  pole-pieces  have  ( 
rectangular  shape  in  the  case  of  discoidal  rings,  and  a  trapezoic 
shape  in  the  case  of  discs,  the  whole  length  of  each  inductor  do 
not  enter  or  leave  the  field  at  once  and  instantaneously  ;  con 
sequently  it  does  not  begin  or  cease  to  cut  lines  sitnultaneou 
throughout  its  entire  active  length,  but   the  action   is  at   fir 
confined  to  one  or  other  end  (fig.  76).     The  effect  of  this  is  ' 
render  the  rise  and  fall  of  impressed  E.M.F.  both  in  each  inducto 
and  in  the  coil,  as  a  whole,  more  gradual  than  it  would  otherwise 
be,  the  curve  of  impressed  E.M.F.  being  therefore  rounded  off  into 
a  gentle  sweep  throughout. 

In  general,  the  exact  shape   ol   the  curves   of  E.M.F.   and 
current  which  were  discussed  in  Chapter  VI.  admits  of  very  gre 
variation  with  different  dispositions  of  iron  and  copper  in  fie 
magnet  and  armature.   For  an  examination  of  some  of  these  shap 
the  reader  is  referred  to  papers  reprinted  in  the '  Electrical  Engine 
Aug.  16,  1889,  Dec.  5,  1890,  and  '  Electrician,'  Nov.  27,  1891. 

In  tl>e  alternators  so  far  described,  it  lias  been  stated  tli 
roughly  speaking,  only  one-haU  of  the  armature  core  is  covere 
with  winding  ;  it  is  therefore  possible  to  wind  an  ei    ■ 
^f  coils  forming  a  second  armature  circuit  in  the 
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between  the  coils  of  the  first  circuit.  The  second  set  of  coils 
may  be  used  lo  feed  an  entirely  separate  external  circuit,  possibly 
at  a  different  pressure.  The  phase  of 
the  impressed  E.M.F.'s  in  the  two 
rcuits  will  differ  by  a  quarter  of  a 
iod,  or  90°,  the  one  reaching  its 
mura  when  the  other  is  at  zero, 
process  may  be  carried  still  further 
if  the  width  of  winding  in  each  coil  be 
reduced  to  less  than  half  the  pitch  ;  e.g. 
if  it  be  one-third  of  the  pitch,  three 
distinct  armature  circuits  can  be  wound 
on  the  same  core,  giving  curves  of 
impressed  E.M.F.  differing  in  phase 
by  1 20°.  Such  alternators  have  lately 
(1891)  come  into  prominence  in  con- 
:ction  with  the  use  of  alternating- 
ent  motors  with  rotating  magnetic 
and  have  been  called  by  the 
hat  inelegant  name  of  'multi- 
It  will  suffice  here  to  call 
attention  to  the  possibility  of  winding  alternator  armatures  with 
ts  of  coils  so  spaced  that  the  E.M.F.  induced  in  each  set  differs 
I  phase  from  that  induced  in  any  other  set  by  a  certain  fraction 
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While  the  bipolar  dj-namo  may  be  said  to  be  naturally  an 
alternator,  and  only  indirectly  and  artificially  a  continuous-current 
machine,  it  may  with  equal  truth  be  said  that  the  unipolar  dynamo 
naturally  gives  a  uni-directed  E.M.F.,  and  is  artificially  made  to 
yield  an  alternating  E.M.F.     At  first  sight  it  might  be  supposed 
that  a  continuous-current  machine  which  gives  a  perfectly  constant 
and  steady  current  without  any  need  for  continual  starting,  slop- 
ping, and  reversing  of  it  in  the  inductors,  and  which,  therefore, 
requires  no  commutator,  with  all  its  attendant  troubles  of  sparking 
at  the  brushes,  must  possess  considerable  advantages  over  th^_ 
bipolar  continuous-current   machine ;   it  was,   too,   the  earliet^f 
form  of  dynamo  and  motor  invented,  since  it  dates  from  the  )«ars 
1823  and  1831,  when  a  disc  unipolar  motor  and  dynamo  were  re^^ 
spectively  made  by  Barlow  and  Faraday.     Yet  practical  expcriciM^^ 
shows  that  bi-  and  multi-polar  machines  have  been  and  are  ii^^ 
possession  of  the  entire  field  of  continuous-current  work,  and  that 
there  must  be  some  inherent  difficulties  in  the  unipolar  dynan 
which  have  up  to  the  present  baffled  all  the  ingenuity  of  invent 
The  chief  of  these  is  the  small  value  of  the  E.M.F.  which 
be  procured  with  the  machine  in  its  simplest  form,  even  with  1 
very  high  speed  of  rotation.    It  has,  in  fact,  but  one  inductor,  an^ 
therefore  yields  at  best  only  from  two  to  five  volts.    The  remedy 
would  be  to  connect  several  inductors  in  series,  so  as  to  add  up 
their   E.M.F. ;  yet  if  the  reader  refers  back  to  Chapter  VII.  it 
will  be  seen  that  the  methods  of  connecting  indu' 
as  there  described  only  result  in  forming  loops,  ro 
K.M.F.  and  current  alternate,  the  characteristic  feature  of  th* 
dynamo  being  tliereby  entirely  lost.      If  wc  take  the  rotatiof 
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irmaturcs  of  fig.  55,  with  a  nuniljcr  of  insulated  inductors  arranged 
either  in  a  tube  or  in  a  disc,  and  join  the  end  of  one  inductor  on 
to  the  opposite  end  of  another  by  means  of  a  connecting  wire 
fixed  to  the  two  inductors  and  rotating  with  them,  it  will  be  found 
that  these  connecting  pieces,  when  so  fixed,  must  necessarily  cut 
the  lines  of  induction  at  exactly  the  same  rate  as  the  inductors 
proper,  and  in  the  same  direction  ;  they  thus  become  inductors 
themselves,  inducing  an  E.M.F.  which  is  in  the  reverse  direction 
round  the  loop  to  that  given  by  the  inductors  proper,  and  the 
total  E.M.F.  of  the  combination  is  nil.  Hence,  if  the  armature 
rotates,  as  we  have  supposed,  the  connecting  pieces  must  be 
stationary,  so  that  they  can  be  taken  through  the  iron  of  the  field- 
magnet  without  cutting  its  lines,  and  the  current  must  pass  into 
and  out  of  them  by  some  kind  of  rubbing  or  sliding  contact. 
TTiere  is,  in  fact,  no  method  of  winding,  properly  so  called,  which 
is  applicable  to  the  unipolar  armature,  so  long  as  it  has  to  give  a 
uni-directed  E.M.F".  All  that  can  be  done  is  to  join  one  inductor 
on  to  another  through  the  agency  of  rubbing  contacts,  and  the 
multiplication  of  these  at  once  introduces  such  difficulties  as  to 
render  the  whole  arrangement  unworkable.  In  practice,  the 
utmost  that  has  been  done  may  more  properly  be  described  as 
the  placing  of  two  distinct  machines  in  series,  the  two  being 
mounted  on  the  same  spindle  1  yet  even  then  the  twofold  collection 
of  a  very  large  current  by  means  of  brushes  or  mercury  troughs 
presents  great  difficulties. 

It   will   suffice,  therefore,  to   pass   immediately   to   unipolar 
alternators,  in  which  one   or   other   of  the  definite  methods  of 
unipolar  winding  described  in  pp.    127-130  has  been   adopted. 
A*  in  the  case  of  bipolar  armatures,  it  will  be  necessary,  when  we 
■■pil  with  coils  instead  of  simple  loops,   to  determine  the  best 
^^ndths  of  winding  and  field,  and  precisely  the  same  principle,  viz. 
the  avoidance  as  far  as  possible  of  di/Terential  action,  must  be  our 
piide.    The  pitch  is,  as  before,  the  distance  between  the  centres 
tif  a  pair  of  poles  of  opposite  sign,  this  distance  being  measured 
the  circumference  of  a  circle  passing  midway  through  the 
..,...:  lengths  of  the  inductors;  the  only  difference  is  that  now 
tocb  two  [loles  are  either  outside  and  inside  of  the  armature  core, 
in  the  case  of  ring  armatures,  or  on  opposite  sides  of  the  core,  in 
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the  case  of  discoidal  and  disc  armatures,  instead  of  being  cither 
both  outside  or  both  inside,  or  both  on  the  same  side  of  the  core. 
In  the  case  of  ring  and  discoidal-ring  armatures,  as  shown  on 
p.  i2g.  Chap.  VII.,  the  maximum  permissible  width  of  field,  eren 
with  only  one  loop,  is  not  more  than  the  pitch,  since  otherwise 
differential  action  reduces  the  time  during  which  any  resultant 
E.M.F.  is  produced,  and  when  there  are  many  loops  the  rule  deter- 
mining the  proper  width  of  fields  and  winding  takes  exactly  the 
same  form  and  leads  to  the  same  results  as  were  previously  found 
for  the  corresponding  bi-  or  multi-polar  alternators.  The  outer 
portions  at  the  sides  or  edges  of  one  and  the  same  coil  must  m 
be  moving  at  the  same  time  past  two  pwles  of  opposite  sign, 
whether  these  are  outside  and  inside,  as  in  the  ring  form,  or  on 
each  side  of  the  armature,  as  in  the  discoidal  form  ;  if  oppositi 
sides  of  the  same  coil  are  under  inductive  action  at  the  same  timi 
the  wires  which  for  the  time  being  are  connectors  will  also  act 
inductors  of  a  back  E.M.F.,  and  so  neutralise  the  effect  of  the' 
inductors  proper.  Hence,  the  width  of  the  coil  must  be  not. 
more  than  the  width  of  the  neutral  space  between  two  field: 
where  no  lines  enter  or  leave  the  armature  core  ;  and  the  bw  t 
which  the  winding  must  appro.ximately  accommodate  itself 
width  of  field  equal  to  width  of  coil,  and  both  equal  to  half  the 
pitch.  Thus  half  the  armature  core  is  covered  with  winding 
exactly  as  in  the  bipolar  alternator. 

If  the  armature  cores  of  figs.  56  and  57  be  thus  wound  with 
a  pair  of  coils,  each  of  width  equal  to  half  the  pitch,  and  the  fields 
be  correspondingly  reduced  in  width,  we  obtain  a  dynamo  whici 
when   cut  through  to  the  spindle  and  flattened  out,  is  shi 
diagrammatically  in  the  full-line  portion  of  the  upper  diagram 
fig.  77.     The  path  of  the  lines  is  shown  dotted,  with  the  jioli 
^^  outside  and  inside  the  core,  as  they  would  be  in  the  case  of 
^■ring  form.     If  the  armature  were  discoidal,  it  will  be  undcrsti 
^Hthat  the  poles  would  then  face  opposite  sides  of  the  core  and 
^^lines  would  pass  aslant  across  the  armature.     As  in  the  rase 
r      bipolar  alternators,  the  whole  can  be  repeated  a  r 

^^  number  of  times,  as  shown  by  the  dotted  half  of  fife.  , ,,  ...A 
^Bis  obtained  a  unipolar  alternator  with  two  or  more  pairs  tjf  pol 
^Ftbe  coils  being  similarly  multiplied,  and  in  praii 
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usually  more  than  one  pair  of  poles  and  pair  of  coils.  The 
several  poles  and  coils  are  symmetrically  placed  round  the  arma- 
ture, as  shown  in  figs.  78,  79,  there  being  always  as  many  coils  as 
there  are  fields,  where  the  lines  enter  or  leave  the  armature  core, 
Le.  as  there  are  poles.  If  /  =  the  number  of  pairs  of  fields,  the 
periodicity  is  the  same  as  in  the  case  of  multipolar  alternators,  viz. 

—  /,  or  p.     In  the  case,  however,  of  the  discoidal -ring  uni- 
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polar  alternator,  since  half  the  poles  of  the  corresponding  multi- 
polar alternator  are  absent,  the  number  of  pairs  of  fields  is  equal 
to  the  number  of  pairs  of  poles  counted  on  both  sides  of  the 

■;■  'Jr^?>>. 
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Fig.  77. — Annaturcs  oT  unipolar  alternators. 

re.  The  peculiar  feature  which  marks  off  the  unipola" 
:ior  with  many  pairs  of  poles  from  the  multipolar  alternator 
u  previously  described,  is  that  in  the  former  all  the  poles  form 
hes  of  one  and  the  same  magntjtic  circuit,  and  therefore  only 
c  one  exciting  coil  wound  on  that  portion  of  the  circuit 
'ic  lines  unite  to  flow  in  a  common  stream  ;  and  it  is 
lerislic  which  justifies  the  application  of  the  term  '  uni- 
poLu  '  to  an  alternator  with  many  poles,  and  upon  which  depends 
the  distinctive  action  of  the  unipolar  loop. 

Each  ty^iC  has  its  own  .ippropriate  form  of  magnetic  circuit, 
to  the  ring  unipolar  alternator  all  the  external  poles  are  of  ih« 
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same  sign,  and  so  also  all  the  internal  poles  ;  hence  they ; 
formed  by  branches  out  of  a  magnet-core  common  to  ihem 


i 

1 
I 

I 

i 


and  placed  on  one  or  other  side  of  the  armature  (fig.  78) : 
the  magnet-core  is  wound  the  single  exciting  coil  shown  at  t. 

In  tl>e  discoidal  form  all  the  poles  on  tlic  one  side  aro  N^  1 
all  those  on  the  other  are  S.,  and  their  common  yoke  may  I 
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kher  exfemal  or  internal  to  the  armature.     If  the  latter  rotates, 
.  is  iDOSl  convenient  to  place  the  yoke  on  the  outside,  as  was 


^Hl  in  fig.  57,  and  the  exciting  coil,  c,  is  either  suspended  from 
^^Btemal  yoke -ring,  or  is  divided  into  two  halves,  one  on  either 
Wpof  the  armature,  and  supported  by  the  poles.     Fig.  79  shows 


^ 
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an  external  yoke-ring,  _v  ;  in  the  upper  half  of  the  side  vie 
exciting  coil  is  supposed  to  be  removed  in  order  to  show 
curved  poles  on  the  opposite  side. 

When  we  pass  to  the  disc  unipolar  alternator,  our  defmttionl 
the  pitch  leads  to  the  conclusion  that  for  a  single-field  dynamo  with 
only  two  poles,  as  shown  in  fig.  58,  the  pitch  is  the  entire  circiij 
ference  of  the  circle,  which  gives  the  mean  path  travcr!>cd  liy 
rotating  inductors,  and  it  has  been  shown  in  Chapter  VII.  that 
maximum  width  of  field  permissible  is  equal  to  half  the  [litch,  1 
the  width  of  a  single  loop  alone  must  not  be  less  than  the  wid 
of  field,  nor  greater  than  the  width  of  the  neutral  space  :  hent  e  t| 
latter  must  be  at  least  equal  to  the  width  of  the  field.     Now,  whc 
there  are  several  loops  wound  on  the  top  of  each  other,  so  that  each 
side  of  the  flat  coil  has  appreciable  width,  there  will  Ijc  different 
action  when  such  a  coil  is  rotated,  unless  the  width  of  field 
reduced  to  equality  with  the  inner  loop,  and  the  width  of  the  outcP 
loop  be  not  greater  than  the  width  of  thu  gap.     Hence  differential 
action  is  entirely  avoided  if  the  inner  loop  have  a  width  equal  to  that 
of  the  field,  and  the  outer  have  a  width  equal  to  the  pitch  less  1 
width  of  the  field ;  e.g.  if  the  width  of  field  and  of  inner  loop  lje  etjii 
to  one-third  of  the  pilch,  and  the  width  of  the  outer  loop  l)e  equal  ^ 
to  the  gap,  or  two-thirds  of  the  pitch,  the  width  of  the  winding  on 
each  side  of  the  coil  being  one  sixth  of  the  pitch.     If  the  width  of 
field  be  increased,  the  width  of  winding  must  be  decreased,  an 
versA,  so  that,  as  before,  various  proportions  are  possible,  all  ot'  >• 
avoid  differential  action.     By  the  same  train  of  reasoning  as 
been  applied  before  to  bipolar  alternators,  we  arrive  at  the 
favourable  result  when  the  widths  of  the  field  and  inner  loop ; 
each  equal  to  one-quarter  of  the  pitch,  and  the  width  of  the  owi 
loop  is  equal  to  three-quarters  of  the  pitch,  in  which  case  hall 
the  armature  core  is  covered  with  winding,  and  the  rosukj 
identical  with  the  disc  alternator  of  fig.  68,  if  one  or  other  of 
pair  of  poles  be  entirely  omitted.     But  such  a  single  coil  may  | 
conveniently  divided  into  two,  so  th.it  the  circumferential  co 
necting  portions  have  less  depth,  exactly  as  was  done  in  the  1 
of  bipolar  disc  alternators,  the  connections  of  the  winding 
identical  ;  and  this  is  shown  in  fig.  77,  which  furti 
the  whole  may  be  repealed  witli  a  .second  field. 
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<tVr  as  many  coils  as  there  arc  fields,  the  coils  being  virtually 
ged  in  pairs,  each  pair  corresponding  to  one  field,  instead  of 
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two  fields,  as  in  the  corresponding  bipolar  dynamo  ;  and  since 
the  iwles  of  the  multipolar  dynamo  are  absent,  the  width  of  the 
outer  loop  of  each  of  the  two  coils  is  now  half  the  pitch,  instead 
of  being,  as  before,  equal  to  the  pitch. 

Fig.  80  shows  a  disc  unipolar  dynamo  evolved  out  of  fig.  58 
with  revolving  magnet  and  stationary  armature  ;  the  several  fields 
are  again  formed  by  dividing  one  magnetic  circuit  into  a  numljcr 
of  curved  branches,  each  terminating  in  a  pole-face.  All  the  poles 
on  one  side  of  the  arma  r  are  N.,  and  all  those  on  the  other  side 
S.  ;  those  on  either  side  of  the  armature  arc  shown  united  on  the 
outside  by  a  thin  web  of  iron,  pierced  with  holes  and  with  deep 
recesses  intervening  between  the  projecting  poles.  The  lines, 
induction  thus  form  separate  groups,  between  which  inter 
neutral  spaces,  clearly  marking  off  the  several  fields  ;  the  direct 
of  the  field  is  never  reversed,  but  maybe  described  as  intermitt 
The  single  exciting  coil  which  is  shown  at  e  need  not  of  neccs 
rotate  with  the  magnet,  but  -night  be  attached  to  the  armature, 
which  case  no  collecting  rin^s  for  the  exciting  current  would  be 
required  ;  it  is,  however,  more  advantageous  for  other  reasons  to 
rotate  it  with  the  magnet.  When  the  armature  is  rotated,  the 
yoke  or  undivided  portion  of  the  magnetic  circuit  may  be  made 
external  to  the  armature  in  the  shape  of  a  ring,  similar  to  that 
shown  in  fig.  79,  but  with  the  opposite  poles  directly  facing  each 
other.  Since  the  poles  on  each  side  are  of  the  same  sign,  there  is 
no  tendency  for  lines  to  leak  across  from  one  pole  to  a  neighboui 
ing  pole  on  the  same  side  of  the  armature,  as  in  the  case  of  % 
multipolar  disc  armature  (p.  154),  and  the  correspondii 
in  the  production  of  the  fields  to  a  large  extent  conipen- 
fact  that  at  any  one  time  only  half  of  the  winding  is  active. 

Since  the  passage  of  one  field  past  a  pair  of  coils  gives 
complete  double  wave  of  E.M.F.,  the  number  of  complete  peri( 
per  second  or  the  'periodicity  '  of  a  unii)olar  disc  altcrnat< 

-—/,  where/  is  either  the  number  of  pairs  of  coils  or  the  nur 
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of  poles  on  one  side  of  the  armature.     It  is  therefore  the 

the  periodicity  of  a  multiiwlar  disc  alternator  with  an  eq 

number  of  armature  coils,  although  in  the  latter  there  are  hric 

many  jwles  as  in  the  unij)o!ar  machine. 
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Ihe  two  preceding  chapters  the  subject  of  alternators  has  been 
(j..>cussed  ;  in  all  of  them,  whether  hi-,  niulti-,  or  uni-polar,  the 
current  due  to  the  induced  E.M.F.  is  alternating  in  direction  in 
the  external  circuit,  just  as  is  the  current  in  each  armature  loop 
and  in  each  armature  coil  formed  of  loops.     Returning  to  our  first 
group  of  dynamos,  viz.  those  which  a/e  bi-  or  multi-polar,  we  now 
enter  upon  a  consideration  of  the  -Jfccond  division,  consisting  of 
those  dynamos  which  yield  a  uni-diiected,  or,  as  it  is  often  called, 
a  direct  current  in  the  external  circuit,  and  in  which,  therefore, 
since  their  terminal  E.M.F.  must  be  uni-directed,  some  form  of 
commutator  developed  out  of  the  split  ring  of  fig.  48  must  be 
present.     This  second  division  is,  however,  itself  divisible  into  two 
sub-classes,  viz.  those  with  '  open-coil '  armatures  and  those  with 
rlosed-coil  'armatures  ;in  neither  does  the  E.M.F.  at  the  terminals 
alternate,  but  in  the  former  it  still  pulsates  or  fluctuates  in  value 
daring  each  revolution,  while  in  the  latter  it  has  a  practically  con- 
ant  value.     '  Open-coil '  armatures  therefore  occupy   an  inter- 
.«diatc  position  between  alternators  and  '  closed-coil '  machines. 
■e  is  almost  entirely  confined  to  arc  lighting,  for  which  they 

i_    -.'ocn  found  peculiarly  suited;  the   pulsations   which   still 

remain  in  their  E.M.F.  curve,  and  which  cause  the  current  in  the 
external  circuit   to   fluctuate,  although  to  a  still  smaller  extent, 

tnot  disadvantageous  to  arc  lamps,  while  their  method  of 
iruction  lends  itself  to  the  generation  of  a  high  E.M.F. 
constant  current,  as  required  by  arc  lamps  when  run  in 
'hi 


rhe  previous  discussion  of  alternators  will  have  familiarised 
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the  reader  with  the  principle  that,  in  the  case  of  ring  or  discoi^ 
armatures,  with  one  coil  wound  as  in  fig.  48  on  one  half  of 
ring,  and  placed  in  a  l)ipolar  field,  a  second  coil  can  be  wound  1 
the  portion  of  the  ring  diametrically  opposite,  and  in  this  se 
coil  an  E.M.F.  will  be  induced  exactly  similar  to  the  E.M.! 
the  first  coil  ;  it  can  therefore  be  connected  cither  in  series  or  i 
parallel  with  the  first,  the  same  splii-ring  being  made  use  of  withd 
any  modification  (fig.   81).     Similarly,  in    the  case  of  dnir 
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second  coil  can  be  wound  on  by  the  side  of  the  first  and  conne 

with  it  in  series  or  in  parallel,  exactly  the  same  proportion 

entire  surface  of  the  armature  core  being  covered  as  in  the 

So,  too,  in  the  cAse  of  the  disc  armature,  a  second  ■ 

with  the  first,  but  on  the  opposite  half  of  the 

no   fresh   element  to  our   theory.      Wlien    the    |wo  coftj 

coiHicclcd   in  series   they  virtually   form  one    r  ■•  • • 

this  is  most  evident  in  the  case  of  tlic  drum  1  'lUt; 

reality  the  two  opposite  coils  of  Ihc  ring  and  diin:  nuy  ec^ii 
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Tie  regarded  as  one  coil  divided  for  practical  reasons  into  two 
portions. 

But  whether  in  series  or  parallel,  the  two  coils  thus  sym- 
illy  placed  do  not  alter  the  character  of  the  curve  of  E.M.F. 
(I  in  fig.  48,  and  do  not,  therefore,  assist  us  in  the  work  of 
reducing  the  pulsation  of  the  E.M.F.  to  a  comparatively  small 
amount.     An  entirely  new  method  must  be  tried,  viz.  the  arrange- 
ment of  coils  on  the  armature  in  such  positions  that  they  are  not 
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vtm. 


^        »»• 


Ttmt  <»  «^»>»x» 


Ijnetrically  opposite  to  each  other,  and  so  are  not  symmetrical 

[ever)'  respect. 

Rwerting  to  the  simple  coil  and  split-ring  of  fig.  48,  let  us 

gc  a  second  coil  on  the  armature  at  right  angles  to  the  first, 

I  attach  its  ends  to  a  second  split-ring,  the  angular  position  of 

relatively  to  the  first  differs  by  a  corresponding  interval  of 

5g.  82).     Tlie  armature   spindle  on  which  both  split-rings 

lie  mounted  and  tiie  connecting  wires  which  join  tlie  ends 

Is  to  the  commutator  segments  are  omitted  for  the  sake 

3CS.S,  the  connections  Ijcing  simply  indicated  by  numerals  ; 

right   hand  is  shown  the  corresponding  drum  armature, 

,  with  two  loops  90' apart.     I.et  us  suppose  the  insulating 
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gaps  between  the  two  halves  of  each  split-ring  to  lie  very  sr 
and  let  the  rubbing  surface  of  the  two  pairs  of  brushes  or  cent 
springs,  a  a',  b  b' ,  be  very  narrow — in  fact,  hardly  more  thaji  \ 
mere  line.  Now,  since  the  second  coil  b  is  90°  behind  the  olhe 
it  will  come  into  inductive  action  when  the  first  coil  is  going  out 
of  action,  and  will  be  in  the  position  of  greatest  action  when  the 
other  is  entirely  inactive.  If,  therefore,  we  plot  along  the  same 
horizontal  axis  the  curves  of  the  tenninal  E.M.F.'s  on  the  two 
pairs  of  brushes  for  one  revolution,  the  mxvimum  E.M.F.  or  crest 
of  the  E.M.F.  wave  due  to  one  coil  will  coincide  with  tl»e  hollow 
of  the  wave  of  the  other  ;  thus,  in  fig.  82,  curve  a  a  gives 
value  at  any  moment  of  the  E.M.F.  at  the  brushes  a  a  ,  while 
is  the  corresponding  curve  for  coil  B.  It  is  evident,  therefo 
that  if  the  crests  of  the  second  wave  were  used  to  fill  up  the  hoF 
lows  of  the  first,  the  fluctuations  of  the  joint  curve  of  E.M.F\_ 
would  be  very  largely  decreased.  Further,  if  we  arrange  thr 
coils  round  the  armature  at  angles  of  1 20"  from  each  other  {f\ 
83),  we  again  see  that  if  their  curves  were  in  some  way  amal- 
gamated the  pulsations  might  be 
still  further  decreased.  In  the  class 
of  machine  now  before  us,  there- 
fore, we  require  a  comparative 
small  number  of  coils,  so  arrange 
relatively  to  one  another  that  when 
one  ceases  to  be  active  anothc 
takes  up  the  action,  this 
being  continually  and  successively  repeated  at  the  pr 
moments  in  each  revolution.  Further,  since  in  practice 
edges  of  the  pole-pieces  are  not  brought  into  very  cle 
proximity  to  each  other  on  account  of  the  excessive  leakage 
lines  which  would  ensue,  the  portion  of  each  half  of  a  re^-oluc 
in  which  a  comixiratively  narrow  coil  cuts  few  lines  or  none, 
therefore  yields  no  E.M.F.,  is  of  appreciable  IcngtJi.  H< 
whenever  a  coil  is  inactive,  it  may  be  of  advantage  to 
entirely  out  of  circuit,  since  if  it  formed  part  of  the  circuit  a 
lion  of  the  E.M.F.  of  the  coil  in  action  will  be  spent  in  1 
the  current  through  its  iiseless  resistance.  Or, 
while  comparatively  inactive,  be  thrown  into  panli 
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coil,  also  comparatively  inactive.  An  incidental  advantage  so 
gained  will  be  that  the  electrical  resistance  of  the  armature  is 
dnring  that  time  reduced,  but  the  main  object  of  such  parallel 
cnonection  will  be  to  prepare  a  coil  for  the  rapid  changes  which  it 
undergoes  from  action  to  inaction,  and  vice  versci. 

Any  armature  in  which  a  coil  is  either  left  open-ended,  or  has 
its  oonnecUons  with  the  other  coils  rearranged  during  any  portion 
of  a  revolution,  is  an  'open-coil'  armature,  the  exact  meaning  of 
which  term  will  be  more  apparent  later,  when  it  can  be  contrasted 
with  '  closed-coil '  armatures. 

Starting  with  two  coils  wound  on  a  bipolar  armature  at  right 
aogVes,  as  in  fig.  82,  let  us  increase  the  width  of  the  gaps  in  the 
spUt-rings  until  each  commutator  segment  has  an  angular  width 
of  something  less  than  90°,  while  the  angular  width  of  contact  of 
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och  brush  is  still  kept  small ;  then  in  the  position  shown  in  fig. 
I  since  the  brushes  a  a!  are  in  the  middle  of  their  segments, 
a«:  yielding  an  E.M.F.  while  coil  n  is  not  in  contact  with  its 
shei,  but  shortly  after  there  will  be  an  E.M.F.  at  b  />',  and  none 
Ud  a'.  Hence,  one  pair  of  brushes  of  greater  length  along  the 
ixi«  of  rotation  might  be  substituted,  which  should  press  on  both 
iit  rings  alike,  as  a  3,  a'  I/,  in  fig.  84,  and  the  whole  is  repre- 
Bted  in  fig.  85  by  the  four  commutator  segments,  each  having  an 
width  of  nearly  90°,  and  connected  to  one  end  of  a  coil. 
rpair  of  coils  are  shown  diagrammatically  by  the  coiled  lines 
*»',  0  b',  each  of  which  may  represent  either  a  simple  coil  on  a 
1  annature,  or  a  pair  of  such  coils  wound  on  opposite  sides  of 
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the  ring,  or  the  corresponding  forms  which  these  take  in 
drum,  discoidal,  and  disc  machines,  as  shown  in  fig.  8i, 
explained  on  p.  166. 

Let  m  //;   be  the  line  of  niaxinnim  field,  where  the  Hnes  of 
induction  are  most  dense,  and  //  //  he  tlic  neiiinl  lino,  wlu-re  the 


is  no  field  at  all  ;  the  reason  why  these  are  not  drawn  exactly  I 
zontal  and  vertical  will  be  cxjilained  in  n  subsequent  cha|i<er. 
is  imjxntant  to  observe  that  the  brushes  arc  now  ptorcd  oa 
line  of  maximum  intensity  of  field,  and,  as  shown,  coil  h  b^ 
just  come  into  action,  and  is  supplying  E.M.F.  lutd  currontl 
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the  external  circuit,  while  coil  a  a',  which  is  just  passing  into  the 
position  of  least  action,  is  cut  out  of  the  circuit.     The  width  of 
each  commutator  segment  being  nearly  90°,  each  of  the  two  coils 
will  in  turn  l)e  in  contact  with  the  brushes  for  nearly  a  quarter  of 
a  re%'oludon,  but  as  the  gaps  of  insulating  material  are  not  bridged 
over  by  the  brushes,  the  circuit  will  be  broken  four  times  in  each 
revolution.     If  now  the  curve  of  E.M.F.  acting  at  the  brushes  | 
on  the  external  circuit  be  plotted  for  a  revolution,  starting  from 
a  point  where  the  lirushes  are  on  the  gap,  just  in  front  of  the 
position  shown  in  the  diagram,  it  will  be  entirely  above  the  hori- 
zontal line,  and  the  fluctuations  in  its  value  are  very  much  reduced  ; 
yet  it  will  be  discontinuous,  being  divided  by  four  breaks  corre- 
'ling  to  the  passage  of  the  insulating  gaps  under  the  brushes, 
.cse  moments  the  brushes  cease  to  press  on  one  pair  of  seg- 
ments, and  liave  not  yet  l)cgun  to  press  on  the  other  pair.     The 
arrangement  is  therefore  totally  unworkable,  owing  to  the  fact  that 
the  circuit  of  the  current  is  continually  being  broken,  which  would 
produce  destructive  sparking  on  the  commutators.     And,  further, 
when  a  coil  is  just  cut  out  of  circuit,  as  a  a'  in  fig.  85,  it  is  only 
half-way  between  the  line  of  ma.ximum  field  and  the  neutral  line, 
and  is,  therefore,  still  generating  some  E.M.F.  which  might  be 
utilised.     To  remedy  these  defects  it  is  only  necessary  to  retain 
the  commutators  as  shown  in  fig.  82,  that  is,  with  the  neighbour- 
ing segments  overlapping  each  other  and  with  one  pair  of  broad 
iMiJshes  a  fi,  a'  b' ,  pressing  on  both  commutators ;  each  brush  before 
ne  segment  will  now  touch  another  belonging  to  the  other 
(fig.   86).      Below  the   commutator   there  shown  is  a 
! .  ^lammatic  representation  of  two  positions  of  the  armature,  the 
Liruihes  l>eing  supposed  to  touch  along  the  line  m  m  ;  it  will  be  i 
Seen  that  the  time  during  which  a  coil  is  entirely  cut  out  of  circuit , 
'I,  and  during  the  time  so  gained  the  two  coils  are  placed 
1  I,  as  shown  at  the  right  hand.     If  each  pair  of  segments 

ovcrbp  the  other  by  an  angle  of  45°,  and  each  revolution  be  | 
lividtid  into  eight  equal  parts,  then  for  the  first  eighth  the  two 
Dib  arc  in  parallel,  for  the  next  only  one  is  supplying  K.M.F., 
|the  other  is  open-circuited  ;  for  the  third  eighth  the  two  coils 
■gain  in  parallel,  after  which  for  the  next  eighth  the  second 
coil  i»  alone  supplying  E.M.F.,  the  whole  being  repeated  during 
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the  second  half  of  the  revolution  in  the  same  order.    The  cur 
of  E.M.F.  is  now  no  longer  discontinuous,  but  is  a  continue 
undulatory  line  without  any  breaks  ;  it  is  obtained  by  plotting 
E.M.F.  of  each  coil,  when  acting  separately,  and  the  ordinateT 
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which  is  common  to  the  two  separate  dotted  cursx- 
intervening  periods  of  45°  are  thi-n  filled  up  aj>; 
curves  representing  intermediate  values  Ijctwcen  the  tCM.F.'s 
the  coils  when  in  parallel  :  these  will  fall  and  rise  rather  mo 
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suddenly  than  the  curve  of  the  coil  which  has  the  higher  E.M.F. 
Four  times  in  each  revolution  the  two  coils  are  in  parallel,  and 
during  these  periods  the  E.M.F.  in  one  is  increasing  as  it 
approaches  the  position  of  best  action,  and  in  the  other  is  decreas- 
ing as  it  recedes  from  that  position  ;  the  two  are  theoretically 
[Oally  active  only  for  an  instant  when  they  are  equidistant  from 
Uic  line  mm.  It  might  be  thought  that  this  inequality  between 
the  E.M.F.'s  of  the  two  coils  at  the  moment  when  they  are  put  in 
parallel,  and  just  before  they  part  company,  would  cause  large 
local  currents  and  waste  of  power,  since  the  higher  E.M.F.  of  the 
one  coil  naturally  tends  to  drive  a  back  current  through  the 
other  of  which  the  E.M.F.  is  lower.  Were  the  coils  free  from 
self-induction,  this  would  be  the  case,  and  the  net  E.M.F. 
acting  at  the  brushes  during  the  periods  of  parallelism  would  be 
simply  that  of  the  coil  wliich  at  the  moment  was  less  active,  the 
excess  E.M.F.  of  the  more  active  coil  being  expended  in  producing 
an  internal  and  useless  back  current.  Owing,  however,  to  the 
self-induction  of  the  two  coils,  the  current  in  them  cannot  be 
suddenly  reversed,  increased,  or  started  ;  and  consequently  the 
curve  of  E.M.F.  at  the  brushes  falls  and  rises  gradually,  taking 
intermediate  values  between  the  E.M.F.'s  of  the  stronger  and 
weaker  coils.  Thus  when  first  thrown  into  parallel,  the  resultant 
E.M.F.  of  the  weaker  coil  is  higher  than  its  induced  E.M.F.  owing 
to  the  self-induced  E.M.F.  called  into  existence  by  the  current 
'  1  is  started  in  it,  while  the  resultant  E.M.F.  of  the  stronger 
~  less  than  its  induced  E.M.F.  by  reason  of  the  increase  of 
current  through  it.  Further,  when  a  coil  is  about  to  be  cut  out 
of  circuit,  the  inequality  of  E.M.F.  is  of  advantage,  since  it  stops 
the  current  flowing  in  it  much  more  quickly  than  would  otherwise 
be  the  case  ;  for  the  greater  E.M.F.  of  the  other  coil  tends  to 
drit'c  a  current  in  the  reverse  direction  through  the  leaving  coil, 
and  so  prepares  it  to  be  cut  out  of  circuit  without  an  excessive 
unount  of  sparking. 

Each  coil  has  its  own  commutator,  and  the  winding  of  the 
armature  does  not  form  a  closed  circuit  in  itself,  as  will  be  found 
lo  be  the  case  in  '  closed-coil '  armatures.  The  two  overlapping 
comrautiitors  may  be  conveniently  united,  so  as  to  form  a  single 
mechanical  structure,  by  making  the  neighbouring  segments  of 
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one  split-ring  project  into  the  gaps  left  between  the  ■ 
of  the  other  split-ring  while  still  being  insulated  from  them.    Tl 
in  fig.  86,  if  a  projects  into  the  gap  t  between  b  and  ii',  and 
into  the  other  gap  c,  while  b  and  u'  similarly  project  into 
corresponding  gaps  d  and  /  between  a  and  a',  we  get  the  jo 
commutator  shown  at  the  right-hand  side.     Owing  to  the 
voltage  which  this  class  of  machine  usually  gives,  air  forms 
most  suitable  insulator  between  the  adjacent  segments,  since  the 
is  always  a  certain  amount  of  sparking  present,  which  would  othd 
wise  damage  the  surface  of  the  commutator  ;  hence  the  two  cod 
mutators,  though  projecting  into  each  other,  are  still  divided 
comparatively  narrow  air-gaps.     The  whole  is  mounted  on 
spindle  of  the  armature,  and  held  in  place  by  a  thick  ring 
washers  of  insulating  material. 

The  method  above  described  may  be  pushed  a  step  further 
by   winding  on  the  armature   more  pairs  of  coils  intermedia 
between  the  first  pair ;  the  pulsations  of  the  E.M.F.  are  thus : 
further  reduced,  while  more  of  the  available  space  round  the 
armature  is  rendered  useful.     The  first  pair  of  coils  were 
apart,  and  in  every  case  a  pair  of  coils  at  right  angles  to  ej 
other  must  be  taken  and  connected  to  a  joint  commutator  ex 
similar  to  the  joint  commutator  of  the  first  pair.     Thus  fig. 
shows  diagramiTuitically  an  armature  of  four  pairs  of  coils, 
jwirs  at  right  angles  to  each  other  being  connected  to  each  of 
two  joint  commutators  ;  one  joint  commutator  is  .set  an  eighth  ol 
revolution,  or  45°  in  advance  of  the  other,  ju.st  as  any  two  nciy 
bouring  coils  are  separated  by  an  angle  of  45°  ;  the  armngej«« 
is  really  e(iuivalent  to  two  separate  machines  in  scries  with  ca 
other,  the  two  pairs  of  brushes  being  connected  in  series  by  jiiirP 
ing  together  one  brush  of  one  commutator  with  that  bruih  of 
other  commutator  which  is  on  the  opposite  side,  the  other 
brushes  leading  to  the  terminals  of  the  machine.    The  i>er»p 
live  view  of  the  two  commutators  corresponds  with  tlic  first 
grammatic  representation  of  the  armature  and  coils.     In  the  int 
commutator,  in  the  position  there  shown,  coil  a  a'  is  cut  out  1 
circuit,  being  in  the  position  of  no  action,  and  coil  b  b'  \%  aid 
supplying  E.M.F.  to  the  pair  of  brushes  3,4  ;  in  ' 
uuuiorbotki 
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to  the  other  pair  of  brushes   i,  2  ;   brush  2  is  connected 
brush  3,  so  that  the  current  (lows  through  coils  cd  and  D  d' 
parallel,  and  thence  through  coil  b  b'.     The  lower  diagram  repn 
sents  the  same  after  the  armature  has  revolved  through  an  ang 
of  45°,  when  d  d'  is  cut  out,  n  b'  and  a  a'  are  in  parallel,  and  c  c' 
series.     This  arrangement  of  one  coil  cut  out,  two  in  parallel, ; 
the  third  in  series  with  the  two,  is  continually  repeated  as  ca<| 
coil  arrives  at  the  positions  of  neutral  field,  intermediate  actio 
and  best  action. 

Similarly,  if  three  pairs  of  coils  are  used,  there  must  be  th 
joint  commutators,  each  arranged  one-twelfth  of  a  revolution,  or  j 
in  advance  of  or  Ijehind  its  next  neighbour. 

We  have  now  to  return  to  the  case  of  three  coils  armnged 
angles  of  120'  with  each  other,  represented  diagrammaiicAlIy 
fig.  88,  and  in  this  case  one  end  of  each  coil  must  be  brought 
a  common  junction,  as  shown  at  the  centre.  The  other  free  en 
are  joined  to  three  commutator  segments,  each  having  an  angul 
width  of  rather  less  than  120°  and  insulated  from  each  oihd 
Evidently  when  in  the  position  shown  in  fig.  88,  since  coil  c  is  in" 

the  neutral  line,  no  E.M.J 
is   being  generated   in 
while  in  coils  A  and  B 
E.M.F.      is       res|)ectivcly 
radially      outwards      and 
radially  inwards  ;  if,  there- 
fore,  the   brushes  are   set, 
on   the   line  of  maximu 
action  a  current  will 
through    A    and    b  ; 
shortly  after,  when 
sulating  gap  conies 
brush  b',  the  circuit  will 
broken,  and  a  similar  break  of  the  circuit  will  occur  six  times] 
each  revolution— thrice  at  brush  b  and  thrice  at  brush  tf,  la  I 
case,  therefore,  while  keeping  the  insulatin  " 

10  widen  the  arc  of  contact  of  the  brushes  i.. 
over  the  insulating  gajis  (fig.  89).       The  efftxt  of  this  is  ihat^ 
the  instaiU  when  :»  ((n'l  is  ;ili<iiit  111  lif  .lit  .lilt    jt  ;.,  ..i,.-._i 
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parallel  with  a  second  coil,  since  the  two  come  under  the  same 
brush  ;  the  current,  therefore,  at  this  moment  flows  through  the 
two    in    parallel,   and     so 
Ihroxigh  the  third  which  is 
in  scries  with  them.     The 

kies  of  changes  which 
_  c  place  in  a  half-revolu- 
tion is  as  follows  :  Starting 
from  the  position  shown  in 
fig,  89,  in  which  b  and  c  are 
in  pantllel,  and  a  in  series 
with  them,  u  is  cut  out, 
leaving  a  and  c  in  series  ; 
then  A  and  b  in  parallel, 
C  in  series  with  them  ;  a 
cut  out,  B  and  c  in  series  ; 
A  and  c  in  parallel,  h  in 
ieries  with  them  ;  lastly 
C  cut  out,  leaving  a  and  n 
in  series.  There  is  now  no 
break  in  the  circuit,  and 
the   E.M.F.  cur\'e  will   tx; 

continuous  with  only  slight  fluctuations  as  the  various  changes  are 

cd  through.     These  are  best  followed  by  cutting  out  a  small 

of  paper  on  which  are  represented  the  three  coils  and  com- 

Drutatur  segments,  and  rotating  it  round  a  pin  on  another  sheet 

.paper  on  which  are  drawn  the  two  stationary  brushes.     Each 

is  first  in  parallel,  then  cut  out,  again  in  parallel,  then    in 

Series,  and  la.sily  in  parallel  again  before  it  is  again  cut  out.     The 

time  during  which  two  coils  are  in  parallel  depends  on  the  relative 

angular   widths  of  the  air-gaps  in  the  commutator  and  of  the 

bmxhes  :  if  they  are  nearly  e<jual  the  two  coils  will  only  Ik-  in 

pialli'l  for  a  short  time,  but  if,  while  keeping  the  width  of  the 

small,  the  width  of  the  brushes  be  increased,  this  time  will 

:  be  increased.     The  effect  of  different  widths  of  the  brush 

requires  to  l>e  carefully  considered. 

If  the  brush  surface  be  only  just  wider  than  the  gaps,  ,is  in 

Kii,  thi'  time  when  the  two  coils  are  in  pirallel  will  lie  a  mere 
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instant ;  and,  further,  the  two  coils  are  then  at  equal  angles  fn 
the  line  of  maximum  action,  m  m',  so  that  their  E.M.F.'s 
precisely  alike.  Hence  we  may  practically  disregard  the  raoma 
of  parallelism  and  say  that  during  the  whole  revolution  the  E.3 
of  the  machine  is  that  due  to  two  coils  in  series,  the  one  approach- 
ing and  the  other  receding  from  the  line  of  maximum  action  ; 
coil  is  under  one  brush  for  nearly  a  third  of  a  revolution  at  a  i 
and  is  cut  out  of  circuit  for  a  sixth  of  a  revolution.  The 
curve  obtained  by  compounding  together  the  curves  of  ihc  i 
coils  in  the  required  manner  is  shown  in  fig.  89,  and  is  composed 
of  six  crests  and  hollows.  But  now  let  the  width  of  the  bru 
be  greater,  and  the  time  of  parallelism  longer  ;  then  the  E.MJ 
of  the  two  coils  in  parallel  are  not  always  equal,  and  there  i 
tendency  for  the  one  of  higher  E.M.F.  to  drive  a  back  cur 
through  the  one  of  lower  E.M.F.  by  means  of  the  path  of  I 
brush  surface.  The  effect  is  exactly  the  same  as  was  prcvi 
described  under  the  first  type  of  open<oil  machine  ;  when 
thrown  into  parallel,  the  weaker  coil,  by  reason  of  its  self-indacti 
does  not  admit  of  a  large  back  current  being  instantly  pafl 
through  it,  while  when  about  to  be  cut  out  of  |)arallel,  the  I 
equality  of  E.M.F.  is  positively  of  advantage,  since  it  serve 

stop  or  even  rever 
'  current  at  the  moment 

when  the  circuli 
coil    is   to   be    I  > 
Next,  let   the  witJ 
the   bnish   be 
(fig.  go),  i.e.  \\aM  a 
mutator    segment 
half  an  air-^{>. 
entirely  alters  ihe  i 
of    changes,     fur 
the  coils  are  open-cc 
for  a  moment  only,  1 
except    for    these 
moments,  there  arc  ahoayi  two  t:oils  in  parallel  And   in 
with  the  third.     Each  coil  is  under  one  Ik     ' 
lution,  and  this  time  is  divisible   irrto  tin 
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it,  it  is  in  parallel  with  the  coil  in  front  of  it  ;  for 
next  third,  it  is  in  series  with  the  other  two  which  are  in 
parallel ;  and  for  the  last  third  it  is  in  parallel  with  the  coil 
ehind  it.  It  will  be  seen  that  the  most  active  coil  is  in  series 
bly  for  a  sixth  of  a  revolution  at  a  time,  and  that  when  it  is  only 
ft°  from  the  line  of  maximum  action,  it  is  thrown  into  parallel  with 
active  coil,  which  is  itself  practically  on  the  line  of  no  action, 
But  this  latter  coil  has  itself  had  a  reverse  current  started  in  it  by 
higher  E.M.F.  of  the  coil  from  which  it  has  just  parted  com- 
>y  ;  for  a  coil  is  only  withdrawn  from  parallelism  when  its 
partner  is  30°  from  maximum  action,  and  it  is  itself  on  the  neutral 
^  and  therefore  it  is  already  prepared  to  be  put  in  parallel  with 
third  coil,  its  self-induction  sufficing  to  keep  up  the  flow  of 
ent  until  its  E.M.F.  is  equal  to  that  of  its  new  partner, 
tly  after,  its  E.M.F.  becomes  higher  than  that  of  the  coil  with 
ich  it  has  just  been  put  in  parallel  ;  consequently  in  its  turn  it 
spares  this  latter  coil  to  receive  a  reverse  current  prior  to  its 
ring  one  brush  and  coming  under  the  other.  By  such  mutual 
and  reaction,  the  total  E.M.F.  of  the  machine  is  kept  fairly 
slant,  and  there  are  not  the  violent  fluctuations  which  might 
ips  be  expected  from  so  small  a  number  of  coils  so  continually 
iged  as  to  their  connections.  The  cre.sts  and  hollows  of  the 
.F.  cua-e  are  still  the  same  as  when  the  brushes  were  only 
ly  wider  llian  the  gap.  Yet  the  average  E.M.F.  throughout 
evolution  is  not  quite  so  great  as  that  which  is  obtained  when 
width  of  brush  is  less,  and  the  difference  of  E.M.F.  of  the 
coils  which  are  placed  in  parallel  is  smaller. 
Next  let  the  width  of  the  brush  be  more  than  60°  (fig.  91) ;  then 
two  brushes  can  both  rest  on  the  same  segment  at  once,  and 
:  whole  machine  is  for  the  time  being  short-circuited  on  itself; 
!  Segment  which  is  under  both  brushes  at  the  same  time  affords 
of  almost  negligible  resistance  to  a  local  current,  due  to  the 
Bed  E.M.F.'s  of  the  two  coils  attached  to  the  other  two 
Its,  neither  of  them  being  far  from  its  position  of  maximum 
Uon  ;  consequently  the  E.M.F.  of  the  machine  is  for  the  time 
illy  abstracted  from  the  external  circuit.  Such  short-circuit 
;  wilt  occur  six  times  in  each  revolution,  and  the  actual  length 
[time  during  which  each  short-circuit  lasts  will  depend  on  how 
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much  wider  the  brush  surface  is  than  60°.  Fuilher,  the  liroe 
during  which  each  coil  acts  separately  before  it  is  thrown  into 
parallel  with  a  coil  of  weaker  E.M.F.  is  proportionately  reduced  ; 


Tk,.  tji. 


for  example,  if  the  width  of  brush  were  as  much  as  80', 
thcair-gaps  are  10°,  as  in  fig.  yt,  each  roil  would  be  in  series] 
only  jj''  on  either  side  of  iliu  line  of  maximum  .iction,  or  1 
about  onpjievenlh  of  a  fi-vnliiricin  .it  .i  tinif.     The  tot&l 
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c,  that  the  average 
;  terminals  throngliout  a  revolution  is  very  largely  reduced  ;  the 
■oual  height  of  the  crcst!>  is  reduced,  but  chiefly  owing  to  the 
^Beriods  of  short-circuit,  each  lasting  for  io°,  the  total  area  of 
Bk  curve  of  K.M.F.  acting  at  the  brushes  is  much  diminished. 
The  IcK-al  short-circuit  current  docs  not  produce  the  heating  that 
might  at  first  be  expected ;  in  fact,  in  a  machine  running  at  800 
Ittaplutions  p>er  minute  it  has  to  be  started  4,800  times  per 
^Bnte,  and  each  time  the  self-induction  of  the  coils  prevents  it 
^Bi  growing  to  any  great  strength. 

^^T^vidently,  therefore,  if  an  arc  of  60°  were  chosen  as  the  normal 
width  of  brush  contact,  and  an  easy  means  were  provided  for 
Utoing  this  width,  the  voltage  of  the  machine  could  be  regulated 
^^in  certain  limits  by  increasing  or  decreasing  it  accord- 
'ingly  as  we  require  a  lower  or  greater  E.M.F.  The  use  of  this 
device  in  connection  with  the  Thomson-Houston  arc-light  dynamo 
will  be  described  later ;  suffice  it  here  to  say  that  it  is  carried  out 
in  practice  by  dividing  each  brush  into  two,  set  at  a  certain  angle 

Srt  (fig.  91),  which  angle  can  be  varied  according  to  the  require- 
jts  of  the  moment  ;  the  two  brushes  are  electrically  connected 
Sthc-r,  so  as  to  form  in  reality  one  brush  spanning  a  considcr- 
.able  arc  of  commutator  surface. 

wo  forms  of  '  open-coil '  armatures  have  now  been  described, 
beyond  these  no  other  '  open-coil '  arrangement  has  ever 
I  successfully  introduced  and  embodied  in  a  practical  machine. 
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CHAPTER  XI 

CLOSED-COIL  ARMATURES 

The  third  and  last  type  of  bi-  and  multi-polar  dynani 
mains  for  consideration.  Like  the  machines  of  the  las 
they  give  a  uni-directed  E.M.F.,  and  therefore  pres 
commutator ;  but  they  differ  in  that  this  E.M.F.  is  for  i 
speed  of  rotation  constant  in  value  during  the  whole  jx 
revolution  ;  the  current,  therefore,  which  such  a  consta 
causes  to  flow  through  a  circuit  of  fixed  resistance  is 
constant  and  steady,  without  fluctuations  or  pulsations.l 
dynamos  of  this  type  are  also  called  'coniinuoui 
machines,  the  E.M.F.  and  current  which  they  yield 
only  continuous  in  direction,  but  continuous  also  in  val 

The  purposes  to  which  such  machines  can  be  appl: 
numerous,  and  so  important,  that  they  are  used  much 
tensively  than  any  other  class  of  dynamos  ;  whether  it 
descent   lighting,   charging   accumulators,   motive  pur] 
transmission  of  power  over  long  distances,  or  electro-< 
of  metals,  they  are  equally  suitable  for  all  alike,  while  thi 
for  which  they  are  made  vary  from   5   to  2,500   volt 
characteristic  features  will  be  found  to  be  intimately 
with  the  fact   expressed   by   their   other   name  of  'cU 
dynamos ;   they   are    so    called   jjecause  the  winding 
armatures  forms  an  endless  coil  closed  ujKjn  itself,  and,  ii 
to  the  previous  subgroup,  no   {jortion  of  the  armaiun 
is   ever   open -circuited,   or   has   its    connections  with 
rearranged. 

Since  the  E.M.F.  of  machines  Wonging  I 
is  to  be  steady  and  free  from  fluctuatiotis,  it 
to  and  extend  the  method  whic  li  w.i^  fnunt! 
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>f  Open-coil  niachitiL's,  viz.  that  of  placing  two  or  more  coils  on 
file  armature  in  positions  which  are  not  symmetrically  opposite 
k)  each  other.  We  have,  therefore,  first  to  determine  how  the 
E.M.F.'s  of  such  coils  can  be  combined  together,  their  connection 
irith  the  exterrul  circuit  being  still  reversed  at  the  right  moment 
|rhcn  the  direction  of  the  E.M.F.  induced  in  them  changes. 
Ptirther,  and  most  important,  this  must  be  done,  not  only  without 
ppening  or  breaking  the  entire  circuit,  but  also  without  opening 
'pr  leaving  open-ended  any  coil.  An  entirely  new  device  must 
hcrefore  be  adopted,  by  which,  whenever  a  coil  is  in  the  position 
^f  reversal  of  E.M.F.  between  two  adjacent  poles,  it  is  'short- 
cutted '  on  itself.  To  effect  this,  it  is  only  necessary  to  make 
of  the  two  brushes  of  fig.  48  touch  both  segments  of  the 
-ring  simultaneously  at  the  moment  of  reversal  ;  the  coil  is 
closed  upon  itself  through  the  interpK>sition  of  the  brushes, 
id  this  allows  the  current  previously  flowing  round  the  coil  in 
lie  one  direction  to  die  away,  and  a  current  in  the  reverse  direc- 
round  it  to  be  stxirtcd  by  the  reversed  K.M.F.  as  it  comes 
er  the  other  pole.  The  brushes  must  be  so  set  that  the  short- 
jiting  takes  place  approximately  at  the  position  of  zero  E.M.F., 
I  ilie  curve  of  E.M.F.  of  the  loop,  as  given  in  fig.  48,  is  thus 
tically  unaltered. 
|Starting,  therefore,  with  a  pair  of  coils  at  right  angles  to  each 
r,  and  connected  with  a  pair  of  split -rings,  as  in  fig.  82,  instead 
widening  the  insulating  gaps  (as  was  done  in  the  case  of  the 
sub-group  of  direct-current  machines,  viz.  those  with  open- 
laniiatures),  we  must  keep  the  gaps  small,  give  the  brushes  a 
iciently  wide  contact  surface,  and  set  them  in  such  a  position 
,  at  such  an  angle  to  the  split-rings  that  they  bridge  over  the 
llbting  material  between  the  segments  whenever  a  coil  is  in  the 
Ition  of  reversal.  Having  done  this  for  both  pairs  of  brushes, 
:  connect  one  brush  of  one  split-ring  with  the  brush  on  the 
site  side  of  the  other  ring  ;  thus  fig.  82  will  take  the  form 
fn  in  fig.  92,  which  represents  a  two-coil  ring,  and  by  its  side 
[corresponding  drum-wound  armature  ;  as  before,  for  the  sake 
nos,  the  actual  connections  of  the  coils  to  the  segments 
I'Omitted,  and  merely  indicated  by  corresponding  numerals, 
th  a'  is  joined  to  brush  b,  and  the  remaining  pair  of  brushes 
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form  the  terminals  to  which  the  external  circuit  is  applied 
shown  in  the  figure,  coil  ii  is  in  the  position  of  reversal, 
therefore,  is  short-circuited   through   its  brushes ;   the  current 
flows  into  II,  through  coil  a,  which  is  alone  supi>Iying   E.M.^ 
and  out  by  o'  into  b  and  b' .      But  a  moment  later,  when 
armature  has  moved  further  round,  lioth  coils  will  lie  in  actio 
and  neither  will  be  short-circuited  by  the  lirushes  ;  the  cur 
due  to  the  E.M.F  induced  in  both  will  now  flow  through  cioil| 
and  thence  through  coil  D,  leaving  the  armature  by  brush  ^. 


A.»sr 
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Fig.  91. 


the  armature  continues  to  rotate,  coil  a  will  in  turn  be 
circuited  by  its  brushes  when  it  reaches  the  second  |io.-*if 
reversal,  and  coil  n  will  alone  supply  E.M.F.  to  the  externa]  • 
finally,  both  coils  will  come  again  into  action,  until  11  is 
short-circuited  at  the  end  of  half  a  revolution. 

The  armature  circuit  is  thus  never  broken,  and  no  coil  is 
open-circuited  ;  each  gives  a  cur\e  of  E.M.F.  as  shown  in  fig, 
but  the  important  result  has  been  obtained  that  the  two  coils 
now  in  scries,  and  the  curve  of  the  total  E.  M.  F.  acting  at  the  \ 
a  and  b'  will  be  given  by  adding  together  sitnullanwous 
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of  the  two  separate  curves  and  plotting  their  sums  as  a  third  curve. 
This  has  been  done  in  the  lower  part  of  fig.  92,  the  curve  c  d 
showing  the  effect  of  adding  together  in  series  the  E.M.F.'s  gene- 
rated at  each  instant  in  the  two  coils.  At  once  it  will  be  seen 
that  the  fluctuations  in  the  third  curve  of  joint  E.M.F.,  though 
still  marked,  are  very  much  reduced  in  value  from  what  they  are 
when  each  coil  acts  separately.  Expressed  as  a  percentage,  the 
fluctuation,  which  is  roughly  100  per  cent,  on  either  side  of  a 
mean  value  in  the  case  of  a  single  coil,  is  reduced  to  about  30  per 
cent,  in  the  case  of  two  coils  in  scries. 

The  curve  c  n  should  be  contrasted  with  the  open-coil  curve 
of  fig.  86.  The  general  effect  of  both  open-coil  and  closed-coil 
airangement  in  reducing  the  fluctuation  is  alike,  but  there  is  a 
difference  in  the  two  methods  of  obtaining  it,  and  consequently  in 
the  shapes  of  the  two  curves.  In  that  of  fig.  86  a  coil  was  first 
open-circuited,  next  thrown  into  parallel,  and  then  acted  separately. 
Now,  the  two  coils  are  either  in  series  or  one  of  them  is  short- 
circuited ;  as  the  E.M.F.  induced  in  one  coil  is  diminishing  in 
«Iue,  that  of  the  other  coil  is  rising,  so  that  at  45°,  135°,  225°, 
and  315°  the  two  are  equal,  and  the  total  E.M.F.  then  reaches  a 
mavimuni,  while  it  never  falls  below  the  value  of  the  maximum 
E.M.F.  given  by  one  coil  when  in  the  position  of  best  action.  A 
further  step  towards  greater  constancy  of  E.M.F.  would  be  made 
by  arranging  still  mOre  coils  at  successive  small  angles  in  front  of 
each  other,  so  as  to  come  into  and  out  of  action  successively,  and 
fig.  93  shows  the  effect  of  superadding  the  E.M.F.'s  of  four  coils 
arranged  with  angles  of  45°  between  neighbouring  pairs,  there 
licing  only  eight  small  undulations  in  a  revolution.  The  fluctua- 
tion is  now  reduced  to  only  10  per  cent  on  either  side  of  the 
iverage  value  throughout  a  revolution. 

1/  such  third  and  fourth  coils  be  added,  their  split-rings  must 
be  fco  arranged  that  the  angles  between  the  relative  positions  of  the 

<? -'trie   line  through  the  insulating  gaps  of  each  commutator 

I  'Ond  with  the  relative  angular  position  of  the  coils  on  the 

'  ''K-  93)  >  ''»nd,  as  l>efore,  brushes  on  opposite  sides  of 

aiators  must  be  joined  together  in  order  to  sum  up  the 

E.M.F.'s  of  the  coils.     Evidently  the  levelling  process  may  be 

coDtinucd  until   the  total  E.M.F.  is  practically  continuous  and 
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uniform,  provided  tiut   tlicre  be  a  sufEcicni   number   o( 
sei>aiaie  coils  regularly  spaced  round  die  arnwlure.     More  coili 
must  therefore  be  wound  on,  and  similarly  joined  together,  until 
finally  there  is  a  number  of  coils  and  split-nngs,  all  arranged  witi 
a  regular  angular  advance  on  one  another  until  an  angle  of  \l 
has  been  passed  through.     There  will  then  always  be  a  uuisilJ 
constant  number  of  inductors  actively  cutting  the  liru»  of 
Add,  and  placed  in  series  so  that  the  average  E.M.F.  due  to  (hem 
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i-as  a  wnolc  will  be  constant.  Not  only  does  the  com  i  i 

of  one  coil   after  another   level   the   curve,  but    . 
that  each  coil  now  contains  few  inductors,  and  is  one  of  a 
number,  the  effect  upon  the  whole,  as  each  is  short -cinruit 
enormously  reduced.     Such  a  set  of  symmetrically-arranpc 
might  lie  made  to  cover  the  whole  of  the 
posed  of  drum-wound  loops  they  would  m 
core,  and  if  of  ring-wound  loops,  then  for  tach  coil  on  the  oti 
half  of  the  ring  a  corresponding  coil  may  be  wound  diamethcalf 
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opposite  on  the  other  half  of  the  core,  which  will  give  an  E.M.F. 
simitar  in  phase  and  intensity,  and  which  may  therefore  be  joined 
either  in  series  or  in  parallel  with  the  opposite  loop,  as  in  fig.  81. 
Thus  the  whole   of  the   armature  surface  would  be  utilised  for 
winding,  and,  with  a  large  number  of  coils,  the  fluctuations  of  the 
E.M.F.  would  be  reduced  to  an  inconsiderable  amount.     But  this 
would  necessitate  a  corresp<jndingly  large  number  of  split-rings 
and  brushes  in  a  row,  which  would  be  at  once  cumbrous  and  in- 
ccMivenicnt.     Hence  a  simple  device  is  adopted,  which  results  in 
the  division  of  the  armature  winding  into  two  equal  and  similar 
halves  in  parallel.     In  fig.  92  the  effect  of  joining  brush  a'  across 
to  ^  is  \'irtually  to  connect  one  end  of  coil  a  with  the  beginning 
of  the  next  coil,  B.     Similarly,  in  fig.  93,  the  end  of  one  coil  is 
electrically  connected  to  the  beginning  of  the  next,  as  2  to  3,  4 
to  5,  6  to  7.     If,  therefore,  the  four  split -rings  of  fig.  93  be  con- 
centrated into  a  portion  of  a  tube  or  cylinder  divided  into  four 
segmental  pieces  insulated  from  each  other,  upon  which  one  pair 
of  brushes  rests,  the  effect  at  the  moment  chosen  for  illustration 
will  be  unaltered.     An  end  view  of  the  new  arrangement  is  shown 
by  the  full-line  portion  of  fig.  94.     Pairs  of  segments  in  fig.  93  are 
replaced  by  single  segments 
as  indicated  by  the  nume- 
rals, and  the  coils  are  dia- 
granimatically    represented 
by  coiled  lines  external  to 
the  commuL-iior.     But  im- 
mediately after  the  moment 
illustrated,  as  the  rotation 
id  continued,  brush  l>  will 
leave  the  segments,  unless 
the  whole  arrangement   is 
repeated  with  other  coils  so  as  to  make  the  joint  commutator 
.  ttricxU,  as   shown  in  dotted   lines.      If  this  be  done,  the 
IS  they  pass  from   between  the  brushes  on  the   one  side 
iitinually  replaced  by  other  coils  from  the  other  side  ;  it  will, 
.  lT,  be  seen  tliai  the  possibility  of  having  a  second  set  of 
1. lined  to  tlie  dotted  segments  must  now  be  consvdiired, 
>irel  let  u»  npeat  the  arungemenl  of  ftg.  92,  so  as  Vo  o\s\a\u 
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four  coils  symmetrically  placed  round  the  armature,  and  each  ' 
its  ends  attached  to  its  own  split-ring  commutator  (fig.  95) ; 
before,  the  commutators  are  shown  in  perspective,  and  the  co 

ncctions  of  the  coils  arc  markfl 
by    the    numerals    r,    2,    3, 
As  in   fig.  92,  a  current  can 
collected  from  coils  a  and  B 
applying  the  external   circuit 
brushes    a    and  b ;   similarly, 
current  can    be   collected    fro 
coils  a'  and  b'  by  applying  th 
external  circuit  to  a'  and  b\ 
therefore,  we  join  all  the  brushy 
consecutively   on  opposite  sid« 
of  the  commutators,  and  fir 
join  brush  V  to   brush  a, 
currents    can    be    collected 
X     a|)[)lying  the  external  circuit 
i      brushes  a  and  b  as  before.     VV 
now   have  a   dynamo  giving 
E.M.F,  curve  identical  with  th 
of  fig.  92,  but  carrying  twice 
current ;   the  two  halves  of  tt 
armature  winding  are  in  (larallfl 
and    the  current  entering   at 
divides  within  the  armature  in| 
two  equal  portions,  one  flowin 
through  coils  a  and  11,  and  tl| 
other  through  n'  and  a',  the 
reuniting   to   leave  at  h.     If 
now  replace  the  separate  brush 
and    separate    cimmuitators 
one  cylindrioil  structure  divid 
into    four    segments     insalat) 
from  each  other,  aiid   upon  which  one   pair   of  b^u^■ 
the  effect  is  to  convert  the  whole  winding  of  the  arn. 
a  closed   sjiirally-wound  coil,  joined  at  intervals  to  cotnmutjii 
segments.     The  end  of  one  toil  is  con»e<;utivdy  Join-  ■ 
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Unrring  of  the  next,  as  the  numerals  show,  until  the  end  of  the 
is  joined  to  the  beginning  of  the  first.  Fig.  96  shows  the 
joint  commutator  in  persi)ective,  and  below  are  shown  the  con- 
nections of  the  coils  ;  at  the  right  of  the  diagram  the  brushes  are 
shown  in  the  act  of  short-circuiting  coils,  a  and  a'.  The  whole  is 
now  symmetrical  on  both  sides  of  the  brushes,  and  rotation  can 
be  indefinitely  continued  without,  at  any  time,  breaking  the  circuit 
or  leaving  any  coil  open-circuited.  As  soon  as  any  coil  passes 
an-ay  from  one  pole-piece,  it  is  short-circuited  under  a  brush,  and 


Fig.  je. 

pifises  over  into  the  other  half  of  the  winding.  The  complete 
closed-coil  armature  is  now  seen  to  justify  its  name,  not  only 
because  a  coil  is  never  opened,  but  also  because  it  is  itself  a  closed 
helix,  formed  of  a  number  of  continuously  wound  loops  ;  starting 
from  any  jwinl,  the  winding  can  be  traced  right  round  the  armature, 
•ithout  any  Ijrcaks,  until  the  starting-point  is  again  reached. 
In  sharp  contrast  to  open-coil  machines,  the  brushes  must  be 
>rt  at  the  opposite  ends  of  a  diameter  corresponding,  not  with 
the  line  of  maximum  field,  but  with  the  neutral  line  of  zero  field. 

Having  onct  arrived  at  an  armature  winding  divisible  into  two 
halve*  in  parallel,  it  is  easy  for  us  to  pass  from  two  coils  in  each 
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half  to  three  or  four,  or  any  larger  number,  in  each  half  ;  all  tl 
is  necessary  is  to  introduce  more  segments  into  the  commutatc 
each  forming  a  connection  between  the  end  of  one  coil  and  the 
beginning  of  another. 

Thus,  with  eight  coils,  we  get  the  complete  commutator 
fig.  94  with  eight  segments.  In  fig.  97  is  shown  a  ring-wouS 
armature  with  an  eight-part  commutator,  and  also  the  analoga 
drum-wound  armature,  each  with  the  same  number  of  inducto 
occupying  the  same  amount  of  available  space  on  the  core  ;  in  I 
latter  each  loop  is  indicated  by  the  same  numerals,  as  i,  i', 
end  connections  at  the  further  end  of  the  drum  being  shoi 
dotted.  Both  armatures  are  wound  right-handedly,  and  the  cur 
enters  and  leaves  by  corresponding  brushes  ;  further,  the  directi^ 
of  the  current  along  the  length  of  the  inductors  is  shown 
marking  those  in  which  it  flows  towards  the  commutator  end  with 
a  cross,  those  in  which  it  flows  away  from  that  end  being  left 
black,  while  the  short-circuited  inductors  arc  left  white.  Such 
armatures  with  eight  coils  will  give  a  curve  of  E.M.F.  similar  lo 
that  given  by  the  four  coils  of  fig.  93,  but  will  again  carry  twi^ 
the  current. 

To  still  further  decrease  the  fluctuations  of  the  E.M.F.,  mo 
coils  or  '  sections '  can  similarly  be  wound  on  lo  the  armatur 
witli  a  correspondingly  increased  number  of  commutator  segment 
until  with  any  number  of  segments  more  than  thirty-six 
E.M.F.  of  the  brushes  may  l>e  regarded  as  practically  const 
With  a  large  number  of  commutator  parts,  the  simple  tubi^ 
divided  into  segments,  as  shown  in  fig.  96,  has  to  be  replarecl 
a  built-up  structure,  consisting  of  a  numlier  of  wedgc-shap 
bars  of  hard-drawn  copper,  gun-metal,  or  phosphor-bron«:  pbci?d 
side  by  side,  but  completely  insulated  from  each  other  by  intci- 
vening  strips  of  mica,  so  as  to  form  a  smooth  cylinder  u|)on  which 
the  brushes  rest,  the  whole  being  insulated  from  the  sIccnc  and 
washers  by  which  the  segments  are  held  tightly  together. 

The  fundamental  principle  which  formed  the  starting  point  1 
a  discussion  of  the  armature  winding  of  bipolar  dynamos  was  1 
in  all  the  inductors  under,  say,  the  N,  pole  the  E.M.F.'s  iiulu 
along  their  lengths  were  in  the  opposite  direction  to  the  K.M.I 
in  ll^e  inductors  under  the   S.   pole  ;  an   inspection   of  fig 
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shows  that  the  direction  of  the  current  as  it  flows  throug 
inductor  in  either  half  of  a  ring  or  drum  armature,  as  indicati 
by  a  black  or  crossed  circle,  is  in  accordance  with  the  direction  I 
the  induced  E.M.F.'s  ;  consequently,  by  both  methods  of  windii 
the  small  E.M.F.'s  induced  simultaneously  in  each  inductor 
added  together  in  each  half  of  the  winding,  so  that  it  is  their  sin7> 
which  causes  the  current  to  flow  through   the  circuit,  entcrio 
and  leaving  at  the  brushes.     Further,  since  the  total  E.M.F.i 
practically  constant   throughout   the  whole  revolution,  the  to 
E.M.F.  induced  at  any  moment  coincides  with  the  average  E.M. 
hence  it  is  sufficient,  in  order  to  determine  its  value,  to  find  the 
total  number  of  lines  cut  in  any  given  time  by  all  the  inducta 
which  are  in  series,  and  divide  that  number  by  the  time  taken  I 
cut  them.     Every  bipolar  closed-coil   armature  overwound  wiKI 
inductors  may  be  divided  diametrically  into  two  halves  by  a  line 
perpendicular  to  the  line  of  magnetisation  of  the  field,  or  in  oth 
words  by  a  line  at  right  angles  to  the  general  direction  of  the  lir 
of  induction  as  they  cross  from  the  one  pole-piece  to  the  othe 
along  the  outside  of  the  half  which  is  on  the  one  side  of  the" 
dividing  line,  say  under  the  N.  pole,  there  is  a  sheet  of  current 
flowing  in  all  the  inductors  in  the  one  direction,  as  viewed  by  i 
observer  at  either  end  ;  while  along  the  outside  of  the  other 
the  sheet  of  current  flows  in  the  opposite  direction.     The  brush 
remaining  stationary  on  the  revolving  conmiutatnr  form  the 
tact  surfaces,  by  means  of  which  the  current  is  collected  from  1 
halves  of  the  winding,  and  passed  into  the  external  circuit,  while 
further,  by  short-circuiting  the  coils  which  are  in  the  {josiil' 
zero  E.M.F.  they  sen-e  also  to  'commute'  the  current,  or  i  > 
a  coil  to  pass  from  the  one  half  of  the  armature  over  to  the  i 
where  the  current  round  it  is  in  the  reverse  direction. 

The  commutator  segments  which  are  at  any  moment  situated  , 
between  the  brushes  serve  merely  as  junctions  bctwec 
of  one  loop  or  coil  of  many  loops  and  the  l)eginning  cii 
but  their  true  function  is  called  out  as  rotation  continues, 
they  |>ass  successively  under  the  brushes.     As  at  any  moroe 
they  are  situated  relatively  to  the  brushes,  their  potential  rises 
successive  and  approximately  c<iual  increments  as  we  pa 
the  nrgalivc  to  thr   jvvsitive  bnisVi  round  cltlur   sirlf  nf  th( 
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Dr.  Each  commutator  segment  has  its  potential  raised  over 
the  segment  behind  it  by  the  amount  of  the  E.M.F. 
ioduced  in  one  coil  alone.  In  ordinary  incandescent-light 
dynamos  the  volts  induced  in  one  coil,  and  therefore  the  difference 
of  potential  between  two  contiguous  commutator  segments,  may 
be  taken  as  var>ing  between  two  and  five  volts  ;  thus  in  a  bipolar 
dynamo  with  loo  inductors,  giving  loo  volts,  and  a  50-part  com- 
matator,  the  two  halves  are  in  parallel,  so  that  each  inductor 
gfves  about  two  volts  ;  and  since  there  are  two  inductors  to  each 
'section,' we  have  roughly  four  volts  generated  per  commutator 
bso'.  It  should  be  observed  that  with  the  drum-wound  armature 
the  minimum  number  of  inductors  in  a  '  section '  is  two,  whereas 


I 


Voltage     O    2    «  « 
inetacdon 


Fig.  ^- — Development  or  ring  armature. 

in  a  ring  armature  there  may  be  only  one  loop  to  a  commutator 
tar,  and  therefore  only  one  inductor  ;  in  other  words,  in  the 
Gnunme-wound  ring  armature  the  number  of  loops  and  the  number 
of  inductors  are  identical,  whereas  in  the  Siemens-wound  drum 
the  number  of  loops  is  always  half  the  number  of  inductors. 

In  the  ring-wound  armature  the  rise  of  potential  round  the 
sections  of  the  commutator  simply  reproduces  the  more  gradua' 
rise  of  potential  in  the  inductors  as  we  pass  from  the  negative  to 
the  positive  brush  round  citlier  half  of  the  armature  winding.  In 
Sg.  98  the  nng  of  fig.  97  is  supposed  to  have  been  cut  along  its 
length  at  the  point  marked  x,  and  tu  have  been  opened  out 
flat  Arrow-heads  on  the  lines  representing  the  external  in- 
ductors indicate  the  direction  of  the  current  in  each  inductor, 
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those  which  are  short-circuited  l)y  the  brushes  iKriiig  marl! 
open  circles ;  and  the  rise  of  potctitial  in  the  inductors  andj 
the  commutator  is  shown  on  the  sup|>ositiun  of  two  volts 
generated  per  inductor.  Between  adjacent  coils  there  is  no  | 
difference  of  potential,  but  each  coil  adds  on  its  E.M.F.  until 
their  sum  acting  from  brush  to  brush  becomes  considerab 
Even  in  'high-tension'  machines,  giving  over  1,000  voiti, 
number  of  volts  per  coil  or  section  is  not  very  great  ;  and,  thfl 
fore,  the  difference  of  potential  between  any  two  ncighlwuii 
wires  is  correspondingly  small.  In  this  lies  a  distinguish 
feature  of  the  ring  armature  which  separates  it  from  tlic  dn 
wherein  the  full  difference  of  potential  of  the  machine 
between  two  pairs  of  neighbouring  inductors,  as  is  in  fact  shown 
by  the  drum  of  fig.  97  ;  for  there  it  is  seen  that  the  two  ' 
circuited  loops,  one  of  wliich  is  under  the  positive  brush  r. 
other  under  the  negative,  are  contiguous  to  each  other,  Lc.  loops 
1,  i',  and  5,  5',  while  further  between  the  short-circuited  loops  and 
the  neighbouring  loops  on  either  side  the  full  pressure  of  the 
whole  E.M.K,  of  the  machine  exists. 

The  winding  of  the  drum  armature  requires  further  considera- 
tion, for  there  is  more  than  one  method  by  which  i]ie  inductors 
can  be  joined  together  into  loops,  so  as  to  fulfil  the  n- 
conditions  of  an  armature  circuit  of  continuous  winding 
upon  itself,  through  which  the  current  divides  into  two  halves, 
flowing  in  one  direction  along  one  half  of  the  circumference, ; 
in  the  opposite  direction  along  the  other  half.     In  the  bij 
dynamo   each    loop   of  a   drutn   armature    must    appro* 
embrace  half  ihe  circumference  of  the  armature,  or  m  cJl 
wound  nearly  diametrically  across  the  ends  of  the  drvim  ;  but  1 
not  necessary  that  the  width  of  the  loop  should  be  exnctly  1 
to  the  pitch,  so  long  as  it  be  greater  than  the  width  of  the  fie 
and   therefore  h;is  but  little  K.M.F.  inducetl  in  it  when  in 
position  of  commutation.     Hence  if  wc  distribute  a  numt 
inductors  e<jually  spaced  round  an  arnrnture  core,  as  in  ^  1 
«nd  start  a  loop  from  the  commutator  segment  marked  1, 
form  the  second  side  of  the  loop  by  mi-nns  of  nnv  01  the  1 
inductors  marked  8,  y,  10,  and.  further,  1 

fltded  at   I'ltlllT  Ijf  tHD  I'OlllIllLlt  llrir   seglli^.,,    , 


sn  forming  the  starting-point  for  a  second  loop.  In  the 
■  an  even  number  of  commutator  parts,  as  shown  in  fig.  99, 
join  I  with  9,  the  dia- 
xically  opposite  inductor, 
s  an  irregular  and  un- 
unctrical  winding,  which 
lOW  seldom  if  ever  used. 

Kone  inductor  is  con- 
to    another    which 
tst    short    of   being 
Btrically  opposite, 

decided   on   which 
the  diametric    line 
through    the    first 
or  the  loop  is  to  be 
ileted,  i.e.   whether  by 
3r   10  or  inductor  8. 

stinct  methods  present  themselves,  according  as  the  com- 
Br  segment  which  forms  the  junction  of  the  first  and 
id  loops  is  on  the  opposite  or  the  same  side  of  the  diametric 
!  as  the  first  loop.  Further,  each  of  these  two  methods  may 
:ight-  or  left-handed  ;  and,  lastly,  the  connecting  wires  or  strips 
Ibe  ends  of  the  drum  while  joining  any  two  given  inductors 
f  pass  round  on  either  side  of  the  shaft. 

First  let  the  commutator  segment,  which  ends  the  first  loop 
I  begins  the  second,  be  on  the  opposite  side  of  the  diametric 
!  to  the  first  loop.  The  right-handed  form  of  this  first  method 
IS  I  with  10  at  the  further  end  of  the  drum,  and  thence  proceeds 

K commutator  segment  numbered  2  ;  it  has  already  been 
in  fig.  97,  but  is  repeated  in  fig.  100,  where  the  inductors 
m<>ered  successively  all  round  the  armature  instead  of  by 
ir  loops  ;  further,  the  end  connections  of  the  armature  instead 
icing  shown  passing  straight  across  from  side  to  side  at  the  far 
I  are  curved  round  the  shaft,  as  in  practice  they  must  neces- 
ly  be. 

pfig.  100  the  far-end  connection  of  t  and  10  is  shown  to  the 
[the  shaft,  as  in  practice  is  most  advantageous,  since  if  the 
tor  passes  round  to  the  right  of  the  shaft  its  length   is 


196 


THE  DYNAMO 


greater  than  it  need  be ;  and  the  same  would  hold  good  for' 
the  connectors  at  the  further  end  of  the  armature.     Consequ 


/Cvfhar 

>  or 

(bmrnulalor 

Fig.  loa — RiAht-lutuJed  drum  wlniiins;  tin  method  i. 

with  this  method  the  connectors  at  tlie  two  ends  of 
should  be  arranged  so  thai  i^icy  past  ^oMTkA  v\ir  u,'R^a.^^>m 


^posite  sides.  At  the  bottom  of  fig.  too  is  shown  a  develop- 
ment of  the  winding,  the  armature  being  supposed  to  be  cut  at 
Ihe  point  x  and  flattened  out  after  the  same  manner  as  the  ring 
innaiure  in  fig.  98  ;  the  inductors,  while  of  the  same  length,  are 
lapposed  to  be  arranged  so  that  at  each  end  of  the  drum  every  j 
gdier  bar  projects  beyond  the  intermediate  ones  ;  the  end  con- 

tions  are  shown  by  lines  all  equally  inclined  to  a  centre  line 

ind  the  armature,  and  joining  the  long  end  of  one  bar  to  the 

end  of  another,  while  the  letters  a,  b,  c,  d,  &c.,  mark  corre- 

nding  portions  of  the  end  connectors,  where  they  would  join 
If  the  armature  were  again  bent  up  into  a  cylinder.  If  the  wind- 
ing thus  viewed  in  plan  be  followed  out,  it  is  seen  to  work  con- 
[iBtiously  forwards  in  zigzag  fashion,  and  this  corresponds  with 
the  fact  that  the  slope  of  the  connectors  at  either  end  of  the 
^intm  is  in  opposite  directions,  as  viewed  from  the  commutator 
end. 

The  whole  is  perfectly  regular  and  symmetrical,  each  loop 
being  of  exactly  the  same  total  length  as  every  other,  and  spanning 
the  same  extent  of  the  circumference  of  the  armature  ;  if  T=the 

total  number  of  inductors,  each  connector  spans  — 2  inductors, 

2 

The  rise  of  volts  round  the  two  divisions  of  the  armature  is  marked 
u  the  top  on  the  supposition  of  two  volts  being  generated  per 
bar,  and  also  on  the  commutator  segments  ;  it  should  be  con- 
trasted with  that  of  the  ring  armature  in  fig.  98. 

The  corresponding  left-lianded  form  of  the  first  method  joins 
inductor  1  in  fig.  loo  with  inductor  8,  and  ends  the  first  loop  at 
the  commutator  segment  marked  8,  which  is  on  the  opposite  side 
rfthe  diametric  line  passing  through  inductor  i  to  the  first  loop 
ua  whole;  fig.  loi  shows  the  winding  complete.  It  will  be 
vxn  that  it  is  exactly  analogous  to  the  right-handed  winding  of  1 
^00,  but  now  with  the  same  arrangement  of  bars  and  the  same 
[  Ihe  current  enters  at  the  top  brush  and  leaves  at  the  bottom, 
lie  second  entirely  distinct  method  ends  the  first  loop  and 
the  second  at  a  segment  on  the  same  side  of  the  diametric 
is  the  first  loop.  The  right-handed  form  joins  inductors 
the  loop  at  segment  2,  and  is  shown  in  detail 
It  will  be  seen  that  the  current  enters  and\ea.\t?.\i>j 
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the  same  brushes  as  in  the  right-handed  form  of  the  first  me 
The  winding  is  again  perfectly  regular  and  symmetrical,  bu 
this  second  method  it  works  backwards  and  forwards  round 
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direction  as  viewed  from  the  commutator.     Each  connector 

the  &r  end  spans  —  2  inductors,  while  those  at  the  commuta] 

a 

end  are  shorter  and  only  span  I— 4  inductors.     It  may  be 

3 

marked  in  passing  that  for  both  the  above  methods  of  winding  it 
is  not  necessar)'  that  the  inductors  should  be  of  the  same  length 
and  arranged  as  shown  in  the  diagrams  ;  they  may  also  be  alter- 
nately long  and  short,  the  effect  being  simply  to  alter  the  slope  of 
the  connectors  at  one  or  other  end,  rendering  it  the  same  at  both 
ends  in  method  t  and  opposite  in  method  2. 

So  far  the  number  of  commutator  segments  has  been  assumed 
to  be  even  ;  there  remains  for  consideration  the  question  of  an 
uneven  number.  In  this  case  each  loop  is  made  perfectly  dia- 
metric, so  that  the  two  previously-described  methods  may  be 
regarded  as  coalescing,  and  the  only  variation  possible  in  the 
winding  is  that  it  may  be  either  right-  or  left-handed.  Fig.  1 
shows  a  right-handed  armature  with  eighteen  inductors  and  ni 
commutator  segments  ;  the  winding  is  regular  and  symmetrical 
so  far  as  each  loop  is  of  the  same  length,  and  the  numtjer 
active  inductors  in  each  half  of  the  armature  winding  is  identical ; 
but  only  one  section  is  short-circuited  at  a  time.  Thus,  in  the  dia- 
gram the  lower  brush  is  in  the  act  of  short -circuiting  loop  9-1 8» 
but  when  the  armature  lus  rotated  through  a  small  angle,  V 
I- 10  will  be  short-circuited  by  the  upper  brush. 

Owing  to  the  fact  that  the  two  halves  of  the  armature  win' 
of  any  bipolar  continuous-current  machine  are  in  parallel,  t 
may  be  likened  to  two  similar  batteries  joined  in  parallel  so  ai 
supply  current  in  equal  degree  to  one  and  the  same  external  cir- 
cuit (fig.  104).  For  this  to  be  the  case  it  is  necessary  that  the 
E.M.F.'s  and  resistance  of  the  two  batteries  should  be  alike,  but  it 
is  even  more  important  in  the  case  of  the  dynamo  that  tlie  E.  '^ 
induced  in  each  half  of  the  winding  and  their  resistance  ^ 
be  exactly  equal  to  each  other.  For  consider  the  consequences] 
in  the  one  lialf  of  the  winding  there  is  generated  an  E.M 
greater  by  one  volt  than  that  which  is  generated  in  the  other  h 
First  suppose  that  the  machine  is  rmining  '  1 

fith<jut  any  brushes  to  collect  the  current  , 


uie 

i 
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useless  current  round  the  armature  through  the  resistance 
entire  winding  in  series.     Such  a  local  current  must  absorb] 
corresponding  amount  of  power,  nnd  this  evil  mny  assume  c< 
siderable  proportions  if  we  remember  that  the  resistance  of  all  I 
armature  coils  in  series  may  not  be  more  than  the  hundredth 
of  an  ohm,  in  which  case  a  current  of  loo  amperes  is  produce 
and  power  is  wasted  at  the  rate  of  loo  watts.    Next  let  the  bru^b 
be  '  down '  in  contact  with  the  commutator,  and  supjxjse 
current  is  being  supplied  to  an  external  circuit  (fig.  104)  ;  then 
we  reckon  from  the  negative  brush  as  at  zero  potential,  the  voltJ 
of  the  commutator  segments  upon  which  the  positive  brush 
must  !)e  equal  to  the  internal  E.M.K  of  thai  half  of  the  .inn.ir 


Ftc.  104. 

which  has  the  highest  E.M.F.  minus  the  loss  of  volts  concsp 
ing  to  the  passage  of  the  current  through  the  resistai 
half.    E.f^.  let  e,  be  the  internal  E.M.F.  induced  in  \lw 
the  winding,  and  ^i  l>e  the  current  flowing  through  its  resisuincci 
then  so  long  as  t.^—c^r^  is  greater  than  Ej,  the  second  half  of  I 
winding  will  not  supply  any  current  to  the  external  circuit, : 
further,  will  have  a  wasted  current  driven  in  a  reverse  dircctj 
through  it  ;  while  the  first  half  of  the  winding  will  carry  both 
useful  and  the  useless  currents,  these  together  making  up  f|, 
if  the  resistance  of  the  external  circuit  be  decreased,  and  so  c 
external  current,  be  increased,  the  loss  ol  volts  over  f,  will 
creased,  until  after  a  certain  point  is  reached  e,  —  .-irj^t,  ; 


=:(■ ,  the  Sfrniid  h.ilf  df  tli(r  Hiniiinf    lii-int'   rnliri-Iv    iisi«Vs4 
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the  external  useful  current  be  further  increased, 
become  less  than  Ej,  and  the  useful  current  will  now  divide 
through  the  two  halves  in  such  proportions  that  e,  —  <:,  r,=E2 
— r,  r,,  either  \'alue  l)eing  the  potential  of  the  commutator  seg- 
ment E»  on  which  the  positive  brush  rests.    Hence,  if  r,=rj, 

f  _, ^i~^^t  . 

'If  J J 

''i 

in  other  words,  the  current  divides  in  unequal  proportions  through 

the  two  halves  of  the  winding,  the  current  through  r,  being  greater 

ll»an  that  through  r^  by  the  fixed  amount  necessary  to  lower  e,  to 

a  terminal  voltage  equal  to  Ej.    Hence  if  the  inequality  of  E.M.F. 

be  great,  an  excessive  current  will  be  continually  flowing  through 

one  half  of  the  winding,  while  the  other  is  carrying  less  than  that 

which  it  is  designed  to  pass  without  overheating. 

The  above  is  the  result  of  inajuality  in  the  E.M.F.'s  induced 

in  two  halves,  which  have  the  same  resistance.     Next  let  their 

internal   E.M.F.'s  be  equal,  but   not  their  resistances,  r,  being 

greater  than  r,.    Then  on  open  circuit  there  is  no  loss ;  but  when 

the  external  circuit  is  closed,  since  the  terminal  voltage  E4  of 

either  half  must  be  the  same, 


whence 


E/,^  E^^j^l  — E"~^3^3 


r, 


and  therefore,  again,  the  current  divides  unequally  in  the  inverse 
ratio  of  the  two  resistances.  As  the  armature  rotates,  this  division 
of  the  current  will  adjust  itself  to  the  changing  pair  of  resistances, 
and  hence  the  current  in  each  half  will  fluctuate,  which  is  again 
undesirable. 

It  is  therefore  essential  with  either  the  ring-  or  drum-winding, 

c*  any  development  of  them,  tliat  both  the  internal  E.M.F.'s  and 

•'  ■  -fsistances  of  the  portions  of  the  armature  which  are  at  any 

in  parallel  should  be  very  approximately  equal. 

1  the  case  of  a  drum  armature  overwound  with  loops,  since 

1  loop  passes  simultaneously  through  the  fields  on  both  sides 

uf  the  armature,  it  is  unimportant,  so  far  as  equality  of  E.M.F.  of 
the  two  halves  is  concerned,  whether  as  many  lines  are  cut  by 
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each  inductor  when  moving  under  the  one  pole  as  when  moving 
under  the  other ;  and  therefore  one  field  might,  owing  to  a  lateral 
leakage  of  lines  from  the  core,  be  weaker  than  the  other  without 
prejudicial  effect.  But  in  the  case  of  the  ring  armature  the 
number  of  lines  entering  it  on  the  one  face  must  be  the  same  as 
the  number  leaving  it  on  the  other,  if  two  similar  halves  of  the 
winding  are  to  produce  equal  E.M.F.'s.  In  practice,  however, 
this  condition  is  always  fulfilled,  and  need  not,  therefore,  be 
further  considered.  But  given  fields  of  equal  strength  and  similai 
distribution  on  either  side  of  the  armature,  it  is  e\'ident 
whether  it  be  ring-  or  drum-wound,  since  it  rotates,  the  actual 
of  coils  which  are  in  parallel  at  any  moment  is  continually  and 
progressively  changing.  Hence  in  order  to  secure  equality  of 
internal  E.M.F.  and  of  internal  resistance  in  the  two  halves  each 
loop  should  be  exactly  similar  to  every  other  loop  in  all  respect^ 
or  at  least  all  the  sections  of  the  winding  as  attached  to  the  o 
mutator  segments  must  be  alike.  They  must  therefore  consi: 
the  same  number  of  turns  or  loops,  with  the  same  resistance 
wound  similarly  ;  they  must  all  be  symmetrical  relatively  to 
axis  radially  and  circumferentially.  If  wound  in  more  than  one 
layer,  the  length  of  wire  in  each  coil  must  be  the  same  in  order 
that  all  the  coils  may  have  the  same  resistance.  In  ring-wound 
armatures  this  is  easily  secured,  since  each  coil,  whether  in  one  or 
many  layers,  is  wound  exactly  similarly  to  every  other  ;  but  in  drum- 
wound  armatures,  in  which  there  are  two  or  more  layers  of  wind- 
ing, precautions  must  be  taken  to  ensure  an  equal  length  and  n 
ance  in  each  and  every  coil. 

In  our  previous  diagrams  of  drum  armatures  the  winding 
been  disposed  in  one  layer  only,  and  the  loops  of  one  half  of 
winding  occupy  intermediate  spaces  between  the  loops  of  the 
other  half ;  now,  in  the  case  of  small  drum  annatures,  in  which 
the  winding  of  each  coil  of  many  turas  is  composed  of  an  un- 
broken length  of  wire  wound  along  the  surface  and  over  the  ends 
of  the  core  without  any  joints,  the  above  arrangement  must  be 
reproduced  ;  that  is  to  say,  intermediate  spaces  must  lie  left 
between  each  successive  coil  of  the  first  half  of  the  winding,  so 
that  the  remaining  coils  forming  ihc  scr.  '  '  "'  •'  ' 
may  be  wound  into  ilic  spaces  so  left 
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of  the  armature  being  thus  eventually  covered  with  one  uniform 
layer  of  winding.  In  practice,  after  the  first  coil  has  been  wound 
the  core  would  be  turned  round  through  an  angle  of  180°,  and 
the  coil  belonging  to  the  diametrically  opposite  commutator 
segment  would  then  be  wound  side  by  side  with  the  first  coil, 
after  which  the  core  would  again  be  turned  round,  and  another 
coil  wound,  the  beginning  of  which  would  be  afterwards  joined 
to  the  same  commutator  segment  as  the  end  of  the  first ;  thus,  in 
fig.  97  coils  1,  i'  and  5,  5'  would  be  wound  first,  and  then  coil  2,  2', 
The  same  process  would  again  be  repeated,  until  the  whole 
number  of  coils  was  wound,  and  each  would  thus  have  the  same 
length  of  wire  and  be  similar  to  every  other.  The  total  number 
of  loops  to  be  wound  may,  however,  be  so  large  that  with  wire 
of  suitable  diameter  they  will  require  to  be  disposed  in  two  or 
more  layers.  When  this  is  the  case  the  simplest  plan  would  be 
to  entirely  cover  the  surface  of  the  core  with  half  of  the  total 
number  of  coils,  and  then  wind  the  second  half  in  a  second  layer 
on  the  top  of  the  first.  But  this  simple  method  is  open  to  the 
great  objection  that  the  coils  of  the  second  half  of  the  winding 
are  longer  than  those  of  the  first  half.  Two  courses  are  therefore 
to  us,  by  either  of  which  this  evil  is  obviated  :  either  each 

must  be  built  up  in  two  or  more 

rs,  so  as  to  exactly  reproduce 
the  arrangement  described  above 
for  a  single  layer,  as  is  shown  in 
fig.  105,  where  the  black  circles 
indicate  the  loops  of  a  coil  belong- 
ing to  a  diametrically  opposite  com- 
muutor  segment ;  or  each  complete 
coil  must  be  split  into  two  equal 
portions,  and  the  second  half  wound 
on  the  lop  of  the  first  half  of  the 

iietrically  opposite    coil.      Fig. 

shows  a  drum-wound  armature 
each   coil   divided    into  two 

es  :  these  lie  alternately  over  and  under  the  corresponding 
k-es  of  the  other  coil  which  belongs  to  the  diametrkaVVj  oi^i^ivvt 

mutator  segment ;  consequently  one  half  of  ea.c\\co\\'\s'«aavA. 
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first,  and  the  second  half  can  only  be  completed  when  the  first 
half  of  the  neighbouring  coil  has  been  wound.  In  the  diagrams 
the  beginning  and  end  connections  of  each  coil  are  shown, 
intermediate  connections  between  the  two  halves  of  each  c<l 
which  are  omitted  for  the  sake  of  clearness,  being  easily  traceafa 

Next,  in  ring  or  drum  the  brushes  must  lie  set  at  the  opposif 
ends  of  a  diameter,  so  as  to  divide  the  commutator  segment 
and  therefore  the  armature  coils,  into  two  equal  halves. 


We  now  have  an  armature  which  is  electrically  synime 
and  this  is  sufficient  in  tlic  case  of  drum-wound  armatures 
secure  equality  of  the  E.M.F.'s  of  the  two  halves  an 
division  of  the  current  between  them.     But  in  the  ct 
a  further  condition  must  be  fulfilled,  and  this  is  Uiat  the 
should  be  symmctricaL     We  have  so  far  ontv  -      -     '  :'    - 
number  of  lines  cut  by  the  inductors  on  either 
is  the  same  ;  but,  more  than  that,  if,  as  in  fig.  4 
armature  inl"  two  I.  iK.i  hv  tlw  il.)iiiil   litw   -4  V     J 
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■  centre  of  the  fields  on  cither  side  of  the  armature,  the  dis- 
ttution  of  the  field  in  the  upper  half  must  be  similar  to  the 
tributiun  in  the  lower  half.  If  the  density  of  the  field,  f.g.  at 
lower  comers,  Ix:  greater  than  the  density  at  the  upper  corners, 
the  exact  position  in  which  a  coil  ought  to  be  short-circuited  by 
the  brush  will  not  be  the  same  at  the  top  as  it  is  at  the  bottom  ; 
ace  if  both  brushes  are  set  so  as  to  short-circuit  the  coils  at 
proper  moments  the  armature  will  no  longer  be  electrically 
need,  since  the  portion  of  the  winding  between  the  brushes 
the  one  side  will  not  be  similar  to  the  portion  between  them 
on  the  other  side,  and  therefore  their  resistances,  if  not  their 
E.M.l-".'s,  will  be  unequal.  Hence,  for  ring  armatures,  not  only 
nnist  the  winding  be  electrically  symmetrical,  but  the  field  must 
also  be  magnetically  symmetrical. 

To  sum  up,— the  condition  of  a  successful  continuous-current 
armature  with  a  commutator,  of  which  one  portion  is  in  parallel 
with  another,  is  jterfect  symmetry,  by  reason  of  which  the  two 
portions  are  as  nearly  as  possible  similar. 

It  will  now  be  clear  that  the  bipolar  continuous-current 
machine  is  in  reality  two  dynamos  in  parallel,  each  giving  the 
saiue  E.M.F.,  but  together  capable  of  carrying  twice  the  current 
tlut  either  could  carry  by  itself  without  overheating. 

From  this  jwint  it  is  easy  to  pass  to  multipolar  continuous- 

st   machines   whose  armatures  are  divisible  into  as  many 

Jlels  as  there  are  poles.     By  the  same  method  as  was  applied 

^alternator  armatures  (p.  145,  figs.  70,  71)  let  us  cut  the  ring  or 

1  of  fig.  97  radially  along  the  line  x,  and  open  them  out ;  then 

I  whole  can  be  re(>eated  a  second  or  any  number  of  times  :  in 

107  the  dotted  lines  show  a  repetition  of  the  bipolar  armatures 

97,  the  full  and  dotted  lines  together  forming  a  4-pole 

»6.    The  winding  still  forms  a  closed  spiral,  the  only  changes 

that  there  arc  as  many  points  of  collection  of  the  current  as 

;  arc  poles,  and  that  the  loops  of  the  drum  span  a  smaller  pro- 

(tionof  tlie  circumference,  the  extent  depending  on  the  number 

[poles.    In  a  4-polc  field  the  loojis  of  a  drum,  instead  of  spanning 

proximately  half  the  circumference,  as  in  the  a-pole  field,  will 

i^«an  approximately  a  quarter  of  the  circumference.   Similarly, 

6-polc  field   the  end  connections  join   together   inductors 
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separated  approximately  by  60',  or  a  sixth  of  the  circumference 
Fig.  108  shows  a  development  of  the  winding  of  the  4-pole  drum 
armature  of  fig.  107.     A  4-pole  dynamo  is,  in  fact,  two  bipolar 


King 


Jiriiiit 
tic.  107.— r«nlleJ'ttQuud  muliipoUr amn^tifw. 

machines  with  a  common  armature  core,  and  therefore  foiu  d) 
in  parallel,  together  capable  of  carrying  four  time?  the 
tli.ii  cich  quarter  of  the  winding  could  carry  ^.■ll;l^:lt.■^.• 
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as  in  the  z-pole  dynamo  there  are  two  neutral  points 
where  the  coils  are  commuted,  and  two  corresponding  points  on 
;  commutator  where  the  current  is  collected  by  the  brushes,  so  for 
parallel-wound  armature  placed  in  a  4-pole  field  there  are  four 
Bch  points.     To  collect  the  current,  opposite  brushes  a  and  ^, 
I  J,  arc  joined  together,  or,  as  this  is  virtually  equivalent  to  con- 
cting  opposite  commutator  bars,  the  same  end  can  be  attained 
means  of  a  set  of  cross-connections,  which  join  together  such 
as  are  at  the  same  potential.     The  result  is  that  there  are 
two  external  points  of  collection  and  two  sets  of  brushes.    In 
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Flu.  loS.— Development  of  parallel-wound  niullipolar  dnim. 

-pole  machine  each  commutator  Ixir  must  be  connected  to 
whicli  is  diametrically  opposite,  and  the  two  positions  for  the 

shes  are  at  right  angles ;  in  a  6-pole  field  each  cross-connec- 
Dn  must  connect  three  segments  situated  1 20"  apart,  the  brushes 
eing  placed  60°  or  180°  apart ;  in  an  8-pole  field  each  cross- 

rjcction  must  join  four  segments  90"  apart,  and  the  brushes 

45°  f"^  135°  apart. 

There  still  remains  the  multipolar  drum-wound  armature,  in 
liich  llio  winding  is  not  divisible  into  as  many  parallels  as  there 
ilcs,  but  is  'series- wound,' as  it  is  termed;  by  this  method 
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the   E.M.F.'s  produced   by   half  the  number  of  inductors 
summed  up  in  series,  just  as  in  the  bipolar  continuous-current 
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dynamo,  and  there  are  therefore  only  the  two  halves  of  the 
ture  in  parallel,  whatever  the  number  of  i>olcs.    St 
one  inductor,  the  winding  works  continuously  for>s .    . 
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■Kon  round  the  entire  armature,  and,  after  traversing  as  many 
Bkctors  as  there  are  i>oles,  returns  to  the  second  inductor  in  front 
or  behind  the  starting-point.  Thus,  in  a  4-pole  machine,  starting 
along  an  inductor  under,  say,  a  N.  pole,  the  far-end  connection 
joins  it  to  an  inductor  nearly  but  not  quite  90"  ahead  of  it  and 
under  a  S.  pole  ;  thence  the  circuit  passes  on  in  succession  to  a 
third  and  fourth  inductor,  nearly  180°  and  270°  ahead  of  the 
iUrting-point ;  and  finally  to  a  fifth  inductor,  next  but  one  to  the 
starting-point,  a  little  more  or  less  than  360°  having  thus  been 
traversed.  A  similar  tour  of  the  armature  is  again  made,  and  is 
repeated  until  the  winding  closes  on  itself.  In  order  that  the 
winding  should  so  close,  it  is  necessary  that  the  total  number  of 
inductors  should  be  equal  to  pxw±2,  where  p  is  the  number  of 
poles  and  n  =  any  odd  number.  Fig.  109  shows  a  6-polc  series- 
wound  drum  armature,  the  total  number  of  inductors  being 
52=6x5-1-2.  Whatever  the  number  of  poles,  only  two  sets  of 
brushes  are  needed.  If  the  number  of  jKiirs  of  poles  be  odd,  the 
bru-^hcs  must  be  placed  diametrically  opposite  to  each  other,  as  in 
the  diagram  for  three  pairs  of  poles  ;  but  if  the  number  of  pairs 
is  e\'en,  the  angular  distance  between  the  brushes  corresponds  to 
that  between  the  poles,  being  90"  for  four  poles  and  45°  or  135° 
for  eight  poles. 

The  formula  which  determines  the  value  of  the  internal  E.M.F. 
induced  in  any  continuous-current  closed-coil  armature  is  easily 
obtained,  owing  to  the  fact  that  with  any  fairly  large  number  of 
K-ctions  in  the  commutator  the  E.M.F.  has  practically  a  constant 
value,  and  therefore  it  is  sufficient  to  determine  the  average 
E.M.F.  during  any  period  of  time,  such  as  one  revolution.  In 
iny  annature,  whether  bi-  or  multi-polar,  the  number  of  lines  cut 
revolution  by  each  inductor  must  be  p  .  z„,  where  z.,  is  the 
1  of  lines  that  enter  into  or  leave  the  armature  core  by  any 
00c  pole,  and  p  is  the  number  of  poles.  In  a  bipolar  machine, 
where  p  =  2,  the  lines  passing  into  and  through  the  armature  are 
cut  twice  by  each  inductor  in  each  revolution,  once  as  they  enter 
<:orc  from  a  N.  pole,  and  once  where  they  leave  it  to  pass  into 
pole,  thus  making  the  total  number  cut  in  one  revolution  2Z, ; 
ly,  in  a  4-pole  machine,  the  number  cut  by  each  inductor 
revolution  is  4Z..     In  the  case  of  flat-ring  machines,  in 

p» 


3t2 


THE  DYNAMO 


which  poles  are  presented  to   both  sides  of  the  armature, 
most  convenient   to   consider  any  pair  of  similar    poles   facii 
opposite  sides  of  the  armature  as  forming  one  polar  surface, 
z,  as  the  number  of  lines  entering  into  the  armature  from  any  si| 
pair  of  similar  poles,  p  being  then  reckoned  only  on  one  side 
the  armatm-e.     Now  the  time  in  seconds  taken  to  perform 

where  n   is  the  number  I 


complete  revolution  is  /  =  — .  =  — 

N  N 


60 

revolutions  per  minute.  The  average  E.M.F.  in  volts  induced 
in  each  inductor  in  one  revolution  is  proportional  to  the  total 
nunilier  of  lines  cut  divided  by  the  time  taken  to  cut  them,  and  is 
therefore 
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The  total  internal  E.M.F.  induced  in  the  armature  is  the 
the  E.M.F. 's  induced  in  the  inductors  which  are  in  scries, ; 
it  only  remains,  therefore,  to  consider  how  many  of  the  to 
number  of  inductors  are  in  series,  or,  conversely,  into  how  ; 
parallel  circuits  the  armature  winding  is  divided.  Let  t  = ) 
total  number  of  active  inductors  counted  all  round  the  surCaoel 
the  armature  ;  then  in  bipolar  machines  half  of  them  are  at 
oie  time  in  series,  and  consequently  the  E.M.F.  induced  in  I 
machine  as  a  whole  is 

N 


—  •<".=  - 
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But  p  also  =  2  ;  whence 
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Similarly,  in  the  case  of  nmltipolar  machines  with  paralle^T 
wound  armatures,  there  are  as  many  panillcls  as  there  are  i 

or  the  numl)cr  of  inductors  in  series  is  -  .     Mcnce  we  airif 
exactly  the  same  expression  as  for  bipolar  machines,  vu. 
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I^  however,  the  multipolar  dynamo  has  a  series-wound  arma- 

Core,  and/  a:  the  number  of  pairs  of  poles,  or  — ,  then,  since  half 

2 

ofthe  total  number  of  inductors  are  in  series,  we  have 
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CHAPTER  XII 


THE  MAGNETISATION   OF    IRON 


The  magnetisation  of  iron  has  already  been  alluded  to  in  < 
III.,  but  it  is  now  necessary  to  consider  the  subject  more  I 
and  at  the  outset  to  recur  to  the  experiment  of  wrapping  a  numl^ 
of  insulated  turns  of  copper  wire  uniformly  round  a  ring  (fig,  \i 
and  passing  a  current  through  the  wire.     The  number  of  lit»M  | 
induction  that  flow  through  the  interior  of  the  magnetised  helixl 
then  measured  by  means  of  an  exploring  or  test  coil  and  the  defl 
tions  which  it  produces  in  a  ballistic  galvanometer.'     Attcnti 
has  already  been  called  to  the  primarily  important  fact  that  will 
given  magnetising  current  the  number  of  lines  flowi' 
ihc  magnetised  nng  is  very  much  greater  if  it  enclose  .i  i 
than  if  its  coils  encircle  merely  air,  wood,  or  other  non- 
material.    But,  further,  if  we  make  the  same  experiment  up 
rings  of  iron  of  the  same  dimensions  but  of  different  qua 
one  of  soft  annealed  wrought  iron,  and  the  other  of  cast  tron,1 
will  be  found  that  the  same  magnetising  current  will  not  pnxlu 
nearly  so  nuuiy  lines  in  the  cast  iron  as  in  the  wrought  iron,  from 
which  it  follows  that  the  permeability  of  the   latter  is 
superior  lo  that  of  cast  iron.     The  physical  and  chemical  qualili 
of  the  suljstance  do,  in  fact,  exen  a  powerful  effect  upon  its  i 
neljc  jirojiertics,  as  is  shown  by  the  very  great  differences  whi< 
exist  between  the  jiermeabilities  of  different  classes  of  iron  and 
sted,  *yg.  if  steel  be  alloyed  with  12  per  cent  of  manganeic,  it 
becomes  almost  non  nagnctic. 

Next,  if  we  take  a  ring  of  any  magnetic  material  and  yvtj\ 

•  Kor  a  drscriplitin  of  tlie  c«a<r(  mdhod  ihc 
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magnetising  current,  the  number  of  lines  flowing  through  it  will 
also  >-ary,  but  not  by  any  means  in  proportion  to  the  strength 
of  the  current — a  very  striking  fact  which  sharply  divides  off  iron 
from  air  ;  for  the  permeability  of  air  is  strictly  constant,  and  the 
number  of  lines  through  a  ring  of  air  is  strictly  proportional  to  the 
magnetising  ampere-turns.  Roughly  speaking,  the  number  of 
lines  induced  in  iron  will  for  a  small  number  of  ampere-tums  be 
almost  pro{K>rtional  to  varying  strengths  of  current,  but  after  a 
certain  magnetisation  is  reached  each  successive  increase  in  the 
flbengtfa  of  the  magnetising  current  will  produce  less  and  less 
effect  ;  the  permeability  of  the  iron,  therefore,  falls  off,  or,  as  it  is 
popularly  termed,  the  iron  becomes  'saturated,'  and  presents  a 
greatly  increased  reluctance  to  further  induction  of  lines. 

Lastly,  if  we  raise  the  magnetising  current  to  a  certain  value, 

and  then  gradually  reduce  it  to  zero,  the  lines  produced  in  a  ring 

of  air  also  vanish  entirely  ;  if,  however,  there  be  an  iron  core  to 

the  ring  there  are  still  some  lines  passing  through  it,  even  when 

the  magnetising  current  has  been  reduced  to  nothing  ;  in  other 

words,  the  iron  'retains 'a  certain  amount  of  magnetism,  so  that  zero 

tnagnciising  current  does  not  necessarily  imi)ly  zero  lines,  and  we 

are  confronted  with  the  problem  of  a  flux  of  lines  without  any 

corresi>onding  magneto-motive  force.   In  more  general  terms,  if  the 

current  be  raised  to  some  high  value,  and  is  then  gradually  reduced 

Ui  a  smaller  value,  the  number  of  lines  flowing  through  the  iron  is 

not  the  same  as  when  the  current  had  the  same  smaller  value,  but 

•ax  being  increased  in  strength  ;  it  is,  in  fact,  greater  when  the 

current   is  being  decreased    than   when  it   is   being   increased, 

iltliough  the  actual  value  of  the  current  strength  may  be  the  same. 

■gain,  we  find  that  no  such  phenomenon  takes  place  in  the  case 

Bfair  or  other  non-magnetic  substance. 

\  It  is  evident,  therefore,  that  the  permeability,  /x,  of  any  material 
lytpcnds,  not  merely  upon  whether  it  is  magnetic  or  non-magnetic, 
^n  if  it  be  the  former,  upon  three  conditions.  These  may  be 
^■mmcd  up  as  follows  ;  (i)  Its  physical  and  chemical  state,  e^. 
pHtether  it  lie  wrought  iron  or  cast  iron,  annealed  or  hardened  ; 
r  or  whether  Jt  be  alloyed  with  other  substances,  and  what  is  the  per- 
■■ntage  in  which  these  arc  present.  But  the  permeability  even  of 
^Llcfinitc  chemical  substance  in  a  definite  phystcaV  stale  '\%  t\oX  %. 
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constant  quality  ;  it  also  depends  on  (z)  the  value  '.'■•■  '4H 

or  extent  to  which  the  iron  or  other  magnetic  ru.i  ^^H 

time  magnetised  in  any  given  case.  Regarded  from  this  poinl  ^ 
view,  the  permeability  is  a  function  of  R,  the  number  of  lines  JIH 
ing  per  square  centimetre.  Herein  it  differs  decisively  frd^^H 
,  analogous  property  of  electrical  conductivity,  for  in  the  case  ^^^| 
electric  circuit  the  specific  electrical  resistance  of  the  ra^^H 
con:i|>os)ng  it  is  not  a  function  of  the  current,  but  has  a  vali^^l 
dependent  of  the  amount  of  current  flowing  through  it,  save^^H 
far  as  this  indirectly  affects  the  temperature  of  the  condl^^H 
Although,  therefore,  the  analogy  between  magnetic  pemei^^H 
and  electric  conductivity  is  perfect  in  the  case  of  air  and-VIH 
magnetic  bodies,  it  is  &r  from  holding  in  the  case  of  iron.  Wkfll 
the  permeability  of  iron  may  be  3,000,  or  even  more,  with  iM 
induction  0=5,000,  yet  when  the  induction  has  been  raised  fan 
special  methods  to  the  enormously  high  value  of  45,350,  tl>e  valtH 
of  /t  is  reduced  to  less  than  2.  From  this  it  will  be  seen  tha 
although  air,  gun-metal,  zinc,  &c.  may  be  regarded  as  magnetid 
insulators  relatively  to  iron  when  the  latter  is  weakly  magnetised 
yet  when  the  iron  is  '  saturated '  the  difference  in  their  permeat* 
bilities  becomes  enormously  reduced  ;  for  values  of  the  inda<B 
lion  in  wrought  and  cast  iron  such  as  are  ordinarily  reached  ifl 
practice,  their  jx'rmeabilitics  may  be  said  to  stand  to  that  of  afl 
in  tlie  ratio  of  about  200  or  100  to  i,  but  for  higher  values  ■ 

Iconimually  decreases,  until  finally  for  intense  saturation  it  ■ 
reduced  to  about  double  that  of  air.  Lastly,  the  permeabitiM 
depends  upon  (3)  the  previous  magnetic  historj'  of  the  meiiWfl 
upon  whether  it  has  been  previously  subjected  to  a  larg«|^^| 
Hpllcr  induction.  The  iron  has  as  it  were  a  magnetic  me^^| 
1^  reason  of  which  the  number  of  lines  passing  through  it  dii9 
I        tai  the  t¥ro  cases  of  an  ascending  or  a  descending  maguelisatiaa 

I        5&*iA  being  the  complex  nature  of  the  permeability  /»=-,  hi 

^^MCNHMy  to  examine  carefully  the  whole  ])roccss  of  the  mafl 
^^■MpMM  c4  ma,  and  represent  it  graphically  by  '  curves  M 
^^^^HNWMMit^'    connecting    together   corres(konding    values    M 

aumbcr  ot  turns,  r.  and  ampbrex.  a.  fUnoH 
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in  our  magnetising  helix,  we  can  obtain  h=°^"— ,  i.e.  the  total 

magneto-motive  force  acting  round  the  ring  of  fig.  1 1  divided  by 
the  length  in  centimetres  over  which  that  force  is  distributed,  or 
1-256  time  the  amjifcre-tums  per  centimetre  length.  This  quantity 
H  in  C.G.S.  units  is  usually  known  in  the  present  connection  as 
•  the  magnetising  force '  to  which  the  iron  is  subjected  ;  but  it 
may  also  be  expressed  as  the  fall  of  magnetic  potential  which 
takes  place  over  a  centimetre  length  of  the  substance  forming  the 
interior  of  the  helix  when  b  lines  flow  through  each  square 
centimetre  of  its  cross-section.  By  varying  a  and  measuring  the 
corresixjnding  z=Ba  (a  being  the  area  of  the  iron  in  square  centi- 
metres) a  number  of  corresponding  values  of  H  and  b  are  obtained, 
and  these  when  plotted  as  abscissae  and  ordinates  respectively  are 
joined  to  form  a  curve  of  magnetisation.  Let  us  first  take  a  soft 
annealed  wrought-iron  ring  ;  let  this  be  previously  unmagnetised, 
and  therefore  in  an  entirely  neutral  state,  or  else  let  it  be  carefully 
demagnetised  by  means  of  a  gradually  decreasing  alternate  current 
passed  through  the  magnetising  helix  ;  let  us  then  determine  its 
ascending  cur\'e  of  magnetisation,  the  current  being  increased  in 
strength  step  by  step,  and  the  induction  being  separately  deter- 
mined for  each  step.  At  the  outset,  for  very  small  magnetising 
JioTces,  the  value  of  b  rises  at  a  certain  slow  rate  almost  propor- 
DiUktely  to  the  increase  of  magnetising  force ;  when,  however, 
force  has  reached  a  value  of  about  i  or  2  C.G.S.  units  the 
:  of  rise  of  the  induction  changes  very  rapidly  to  a  much  in- 
value  ;  at  this  new  rate  the  induction  again  continues  to 
almost  proportionately  to  the  increase  of  the  magnetising 
force,  but  when  the  latter  is  raised  to  a  value  of  from  5  to  10, 
bough  the  induction  B  continues  to  increase,  its  rate  of  rise  falls 
and  becomes  gradually  less  and  less  rapid.  The  curve  thus 
ined  for  d  and  h  is  that  marked  o  e  in  fig.  1 10  ;  since  the  iron 
at  the  outset  unmagnetised,  it  starts  from  the  origin,  and  rises 
the  increasing  magnetising  force,  as  shown  by  the  ascending 
It  is  divisible  approximately  into  three  different  portions, 
a,b,c;  for  a  short  distance  from  the  origin  it  is  but 
Illy  inclined  to  the  horizontal  axis,  along  which  the  magnetising 
is  reckoned  ;  it  then  passes  by  a  rapid  bend  into  a  long  part, 
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b,  of  gteat  steepness,  and  approximately  straight ;  gradually,  hi 
ever,  the  curve  bends  over,  fonning  a  rounded  comer,  or  'knc 
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and  finally  continues  to  rise  in  a  slightly  curved  line,  e, 
at  a  small  angle  to  the  horizontal  axis. 

Afir!  Iiiving  reached  Ih'-  \"->ini  c.  on  the  asetnding 
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magnetisation,  let  us  gradually  reduce  the  strength  of  the  magnet- 
ising current,  and  so  of  the  magnetising  force.  Again  measuring 
values  of  the  induction  at  different  stages,  we  are  thence  enabled 
to  trace  the  curve  of  descending  magnetisation,  and  this,  as  has 
been  already  stated,  is  by  no  means  identical  with  the  ascending 
curve.  It  is  marked  II.  with  a  downward  arrow  in  fig.  i  lo,  and  is 
considerably  higher  than  the  ascending  curve,  so  that  when  the 
magnetising  force  is  zero  it  cuts  the  vertical  axis  at  some  point,  r, 
considerably  above  the  horizontal  axis.  The  height  o  k  measures 
the  number  of  lines  still  passing  per  square  centimetre  of  the  iron 
when  the  magnetising  force  is  gradually  reduced  to  zero,  or  the 
'  residual  magnetic  induction '  of  the  iron ;  its  exact  amoimt 
depends  upon  the  value  to  which  the  induction  in  the  iron  has  been 
pre\-iously  raised,  and  from  which,  as  a  starting-point,  the  reduction 
began,  while  the  proportion  which  it  bears  to  the  maximum  in- 
duction reached  is  an  indication  of  the  '  retentiveness  '  of  the  iron. 
After  reaching  point  r  on  the  downward  curve  a  negative 
magnetising  force  is  required,  or,  in  other  words,  the  direction  of 
the  magnetising  force  must  be  actually  reversed  in  order  to  reduce 
B  to  zero.  The  amount  of  this  negative  force,  which  has  to  be 
applied  in  order  to  reduce  b  exactly  to  zero  after  it  has  been  pre- 
Tiously  raised  to  a  high  value,  is  called  the  '  coercive  force '  of  the 
Iron  ;  it  is  measured  by  the  length  of  the  line  oc  in  fig.  i  lo. 

If,  after  reaching  the  point  e  on  the  ascending  curve,  the 
magnetising  force,  instead  of  being  reduced,  had  been  still  further 
increased  past  the  value  corresponding  to  that  point,  the  curve 
would  become  flatter  and  flatter,  but  it  never  becomes  truly  hori- 
wntal ;  although  the  iron  may  now  be  said  to  be  '  saturated,'  the 
induction  B  never  ceases  to  increase  when  the  magnetising  force  is 
increased,  so  that  there  is  no  definite  limiting  value  of  b  beyond 
which  it  cannot  Ije  raised  ;  the  permeability  of  the  iron  is 
enormously  reduced,  but  even  when  the  peculiar  action  of  the 
iron  in  increasmg  the  magnetic  flux  is  almost  imperceptible,  more 
lines  can  always  be  projjclled  through  the  helix,  just  as  if  it  were  a 

"■■  solenoid  enclosing  merely  air  and  without  any  core  of  iron. 
;  ration '  is,  in  fact,  a  relative  term,  and  no  particular  numerical 
value  can  be  attached  to  it.     The  iron  is  usually  said  to  be  '  sa.V\i.- 
ralcd  '  when  the  cuneo/'iiiag'netisation  has  begun  Xo \>euA  o\«  a.\.i 
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^H        the  rounded  knee  between  h  and  c,  but  the  exact  appearance  « 
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ing  curve  being  shown  full  and  the  descending  curve  dotted  :  in 
these  the  induction  and  magnetising  force  (the  latter  shown  in 
the  lower  of  the  two  scales  along  the  horizontal  axis)  have  been 
carried  to  much  higher  values  than  in  fig.  no.  The  scale  of  h 
has  been  altered  to  obtain  a  convenient  size  of  diagram,  and  it  will 
be  seen  that  now  the  bend  of  the  curve  for  annealed  wrought  iron 
appears  to  be  at  11^14,000  instead  of  at  b=i  1,000,  as  in  fig.  1 10. 
The  cur\'cs  of  the  former  figure  serve  to  show  the  differences 
existing  between  the  permeabilities  of  different  materials  used  in 
the  manufacture  of  dynamo.s.  The  most  permeable  material  is 
Swedish  charcoal  iron  in  a  pure  state,  soil  and  well  annealed,  or 
good  Lowmoor  wrought  iron  ;  but  mild  cast  steel  containing  a 
small  percentage  of  carbon  may  almost  equal  or  even  surpass 
ordinary  annealed  wrought  iron  ;  as  is  shown  by  the  curve  in 
fig.  Ill  for  a  mild  cast  steel  containing  o-8  per  cent,  of  com- 
bined carbon.  The  permeability  of  iron  is  largely  affected  by  the 
presence  of  impurities,  intermixed  or  in  combination  with  it,  such 
as  phosphorus,  sulphur,  tungsten,  or  antimony,  and  also  by  the 
closely-connected  physical  quality  of  'hardness.'  Wrought  iron 
when  rolled  into  thin  sheets  or  drawn  into  wires  may  usually  be 
relied  ujwn  as  being  soft,  owing  to  the  processes  of  manufacture 
through  which  it  has  to  be  carried,  and,  further,  in  this  form  it 
admits  of  a  very  thorough  annealing.  When,  however,  such  sheets 
are  stamped  or  punched  out  into  the  shapes  suitable  for  dynamo 
ptirposes,  it  is  usual  to  subject  the  stampings  to  a  further  re- 
annt^ling,  since  by  the  process  of  stamping  they  become,  to  a 
certain  extent,  hardened.  In  cast  iron  the  effects  of  impurities 
and  of  hardness  are  again  very  marked.  The  iron  used  for  castings 
should  be  specially  soft  and  pure,  and  all  hardening  or  chilling 
of  it  after  casting  should  be  avoided  by  allowing  it  to  cool  as 
sk)wly  as  jiossible,  or  in  other  words  by  annealing  it.  Roughly,  it 
may  be  said  that,  for  ordinary'  values  of  h  between  50  and  200,  the 
permeability  of  cast  iron  is  only  half  that  of  annealed  wrought 
Iron  ;  but  dilTerent  samples  of  c;ist  iron  show  much  more  diverg- 
efx:c  ?■'  msclvi-s  in  permeability  than  would  l.>e  found  in  as 

many  >>\  wrought  iron.     The  amount  of  '  retentiveness ' 

and  of '  coercive  force '  likewise  varies  greatly  in  differetxl  (\via.Ut.ve& 
of  iron,  and ;.« affected  hy  their  /mrity  and  hardness.  \t  ij\\\\v£  ^etvxl 
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from   fig.  Ill   that  when  a  high  magnetising  force  is  gradual! 
reduced  to  zero,  the  residual  magnetic  induction  which  persists  i 
annealed  wrought  iron  is  about  7,000  or  8,000,  while  for  cast  ir 
it  is  about  4,000. 

The    reieniiveness  (or)  of  soft  annealed  wrought  iron 
greater  than  that  of  any  other   material,   since  as  much   as 
or  90  per  cent,  of  the  induction  may  be  retained.     Its  coerd* 
force,  oc,  is,  however,  very  small,  and  the  residual  magnetism 
quickly  reduced  by  a  feeble  demagnetising  force,  or  by  mechanic 
vibration,  jarring,  or  tapping,  especially  when  the  iron  circuit 
incomplete.     Hard  iron  and  steel,  although  retaining  less  magncti 
induction  than  soft  iron,  keep  it  much  more  strongly,  and  ihcr 
fore  permanent  magnets,  which   are   required  to  maintain  the 
magnetisation,  in  spite  of  mechanical   shocks  or  deniagnctisifl 
influences,  are  made  of  steel,  the  most  suitable  alloy  being  tung$t4 
steel,  of  which  the  coercive  force  is  as  much  as  50  C.G.S.  unil 
Were  it  not  for  the  fact  that  a  high  m.ignelic  induction  canr 
be  obtained  with  hard  steel  owing  to  its  low  permeability, 
field-magnets  of  dynamos  would  be  made  of  steel  permanenll 
magnetised,  and  requiring  no  exciting  current  ;  but  in  default  of  ij 
material  which  is  at  once  permeable  and  retentive,  and  posscssiq 
considerable  coercive  force,  we  are  compelled  to  employ  soft 
or  nuld  steel :  these  are  permeable,  but  retjuire  the  exciting  cu 
to  be  continuously  maintained  round  them  in  order  thai 
not  lose  their  magnetism  entirely  by  rea.son  of  the  ii: 
vibration  to  which  the  dynamo  is  subject  when  running. 

Reverting  to  the  downward  curve  of  fig.  1  to,  it  is  seen  th 
the  changes  in  the  magnetic  state  of  the  iron  arc  not  coinciti 
with  the  changes  in  the  strength  of  the  magnetising  force, 
lag  behind  them  :  this  is  most  forcibly  exemplified  by  the  resfidq 
magnetic  induction  which  persists  when  the  positive  magnetisii 
force  has  been  reduced  to  zero,  and  by  the  fact  that  the  inducti 
only  iKjcomes  zero  after  the  magnetising  force  has  readied 
definite  negative  value.  The  physical  fact  here  itescribcd  is 
known  shortly  as  the  'magnetic  hysterc-sis'  of  the  iron.  In  coo- 
sidering  this  phenomenon  it  should  be  carefully  noted  that  it  ix 
not  a  I.igging  liehind  in  jioinl  of  //V'  '    <\ 

for  the  changcH  in  the  value  of  llf  ^    ixU 
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they  be  not  extTcmely  rapid)  is  immaterial.  The  magnetic  hysteresis 
depends  merely  on  the  order  of  succession  of  the  different  current 
strengths,  and  e\'en  long  inter\'als  of  waiting,  during  which  the 
magnetising  force  is  kept  constant,  do  not  obliterate  the  distinc-     i 
lion  lietwcen  ascending  and  descending  curves.     What  is  really    I 
implied  by  the  term  'magnetic  hysteresis  '  is  that  if  the  magnetising 
force  is  reduced  from  a  stronger  to  some  weaker  value,  the  rate  at 
which  the  magnetic  induction  becomes  reduced  with  reference  to    | 
strength  of  magnetising  force,  or  the  slope  of  the  downward  curve, 
is  less  than  the  rate  at  which  it  increased  when  the  magnetising 
force   was   raised   from  the  weaker  up   to   the   stronger   value ;    i 
thus,  if  at  point  R  the  magnetising  force  be  again  reapplied  in  a    I 
positive  direction,  the  rate  at  which  the  induction  is  recovered  is 
again  less  than  the  rate  at  which  it  was  lost  for  a  change  of  mag-    I 
netising  force  within  the  same  limits.  I 

Let  us  now  continue  the  descending  curve  from  the  point  c    I 
onwards  by  increasing  the  negative  magnetising  force,  and   so    I 
reversing  the  direction  of  the  induction.     After  reaching  some    I 
point,  e',  let  us  gradually  reduce  the  negative  magnetising  force,    I 
reverse  it,  and  increase  its  strength  in  the  former  positive  direction.    I 
A  new  ascending  curve  marked  III  is  thus  traced,  which  again    ] 
shows  hysteresis  :  it  differs  in  shape  from  our  previous  ascending 
curve,  which  started  with  the  iron  in  a  neutral  or  '  virgin  '  state, 
but  js  analogous  to  the  descending  curve  II.     By  carrying  the  new 
ascending  curve  up  far  enough,  it  will  eventually  cut  curve  II.,  say 
at  E,  and  we  thus  arrive  at  the  same  point  whence  we  started  to    I 
tnce  the  descending  curve.     A  complete  loo/i  has  therefore  been 
described,  and  the  two  curves  Nos.  II  and  III  enclose  a  certain 
area  depending  upon  the  extent  to  which  they  diverge  from  one    J 
another  between  the  points  e  and  e'.     The  magnetising  force  has    ] 
been  taken  through  a  cycle  of  changes  in  direction  and  value,    ' 
'.  i.-dly  returning  to  the  same  point  as  that  from  which  the 
began,  and  the  iron  has  similarly  been  taken  from  a  positive 
ictisation  to  a  negative  and  back  again.     It  is  not,  however,    I 
necessary  that  the  magnetising  force  should  be  actually  reversed 
in  order  that  the  curve  of  induction  may   describe  a  complete 
loop  ;  it  is  sufficient  to  partially  withdraw  the  magnetising  force 
and  then  reapply  it    Thus,  at  any  point  on  the  ascei\d\T\¥,c.\3LTNe, 
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the  gradual  increase  of  the  magnetising  current  might  be  susp 
and  it  might  be  first  reduced  and  then  again  increased  : 
loop  would  then  be  traced  on  the  magnetisation  curve  inside 
large  one.' 

Now  it  can  be  shown  that  the  area  of  any  complete  loop 
formed  by  taking  iron  through  a  complete  cjrle  of  magn<  " 
induction  is  a  measure  of  the  energy  spent  {>er  unit  of  volume 
performing  this  cycle  ;  and  on  the  C.G.S.  system  the  area  cncic 
by  the  loop  divided  by  4ir  is  equal  to  the  ergs  of  energy  cxpen^ 
in  taking  each  cubic  centimetre  of  iron  through  the  cycle  j 
induction  traced  by  the  loop.  This  amount  of  energy  is  irre 
ably  lost,  being  dissipated  throughout  the  iron  as  heat.  The  cfi 
of  hysteresis  is  most  marked  on  the  second  or  steep  \ax\.  of 
curve  {b,  fig.  i  lo),  i.e.  if  the  limits  within  which  the  magnctii 
force  is  cyclically  varied  fall  within  or  embrace  that  portion  of  ( 
curve  ;  cyclic  changes  of  a  strong  magnetising  force  taking  pli 
entirely  on  the  upper  flat  portion  of  the  cunes  of  fig.  iii,) 
when  the  iron  is  '  saturated,'  show  so  little  hysteresis  that  its  ell 
is  almost  negligible,  and  no  difference  is  discernible  in  the  asce 
ing  or  descending  curves  (pide  fig.  ii  i).  On  the  steep  |)orltoa 
the  curve  a  cycle  of  clianges  in  the  strength  of  the 
force  once  performed  will  cause  the  induction  curve  lo  de 
loop,  but  the  crossing  of  the  descending  and  ascending  cu 
may  not  coincide  with  the  starting-point  whence  the  il 
begun  ;  hence  a  repetition  of  the  same  cycle  of  chan^> 
cause  the  loop  to  be  exactly  retraced.  If,  however,  the  magne 
ing-force  cycle  ht  repeated  several  times,  the  iron  will  eventu 
reach  such  a  state  that  the  same  loop  will  be  continually  rctr 
and  ihe  change  of  magnetic  induction  will  itself  liecomc  stri< 
cyclic  and  coincident  with  the  magnetisintj-fonic  cycle 
need  for  several  repetitions  of  the  magnetising  cycle  in  ortlff  that 
the  same  loop  may  be  exactly  retraced  each  time  is  ' 
marked  when  the  two  limiting  values  of  the  loop  arc  1 
the  positive  and  negative  curves,  and  in  the  drawing  of  Jig. 
it  has  been  a.Sikumcd  that  the  maximum  negative  mduetionat 
equal  to  the  positive  induction  at  c,  and  is  reached  for  the 

*   / W/  Prof.  Ewing,  Magntlie  tmfu.thn  m  trm  •mJttktr  Mrfa/$,  lim^ 

|i!>.  04-  06. 
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value  of  magnetising  force  as  corresponds  with  e  on  botli  the  two 
ascending  curves.  Thus,  for  simphcity's  sake,  only  three  curves  are 
shown,  and  the  cycle  of  induction  of  curves  II.  and  III.  once  traced 
'mediately  capable  of  indefinite  repetition  so  long  as  the  same 
I )f  magnetising  force  is  repeated.  But  even  if  this  be  not 
so,  when  the  magnetising  force  is  continuously  varied  between 
two  fixed  values  in  either  direction,  the  magnetic  effect  soon  also 
becomes  cyclic,  and  the  induction  likewise  varies  between  two 
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nluu  in  each  cycle.     If,  therefore,  the  loops  obtained  when  the 
I  is  carried  from  a  strong  positive  induction  to  an  ei/ually  strong 
he  m.ignctisation,  and  back  again  to  the  original  starting- 
art  determined  for  several  different  values  of  the  ma.ximum 
it  will  be  found  that  the  area  of  the  loops,  and  therefore 
•  dissipated  in  heat  in  each  complete  cycle,  depends 
o  the  nature  of  the  material  and  also  upon  the  maximum 
action  up  to  which  the  iron  is  carried.     The  amount  of  this 
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'loss  by  hysteresis'  for  any  cycle  may  roughly  be  said  to  ' 
directly  as  the  coercive  force,  and  inversely  as  the  steej>nc«  of  I 
second  portion  of  the  curve  ;  thus  in  soft  annealed»iron  it  is  vefy 
small,  even  for  a  cycle  of  strong  magnetisation,  but  in  certain  steels 
it  becomes  very  considerable,  amounting  to  as  much  as  3oo,ooq,j 
ergs  per  cubic  centimetre  per  cycle  in  tungsten  steel.     Taking,  ho 
ever,  any  one  substance,  it  has  been  found  that  the  loss  of  enc 
by  hysteresis  is  not  proportional  to  the  maximum  induction,  but 
increases  more  rapidly.     In  fig.  1 12  the  curve  shows  the  relatioQ 

between  the  number  of  joules  or  ^^  expended  in  each  complete 

cycle,  and  the  maximum  induction,  for  annealed  wrought  ir 
For  any  given  maximum  induction  let  k  lie  the  value  obtain 
from  the  curve  ;  then  the  total  hysteresis  loss  in  any  piece  of  iH 
in  carrying  it  through  a  complete   magnetic  cycle  is  kt,  wh^ 
r=lhe  number  of  cubic  centimetres  of  iron  ;  if,  therefore;  /  1 
the  number  of  complete  cycles  per  second,  heat  is  generated 
the  iron  at  the  rate  of  k{p  joules  per  second,  or  k,-/>  watts, 
importance  to  us  of  this  physical  fact  will  be  alluded  to  sulx 
quently. 

It  will  now  be  fully  evident  that  the  relation  between  *  and  H^ 
or  the  i)ernieability  of  a  given  sample  of  iron,  even  with  a  dcfir 
magnetising  force,  cannot  Iw  specified,  and  may  take  any  one  1 
large  range  of  values  according  to  the  previous  treatment  to  ' 
it   has   been  subjected  ;   in  fact,  it  has  no  definite  si 
unless  closely  qualified.     Since,  however,  the  effect  01 
is  very  slight  when  the  iron  is  strongly  m.ignetised  or  'saturate 
and  since  in  dynamo  field-magnets  the  iron  is  usually  magncc 
to  a  fairly  high  induction  of  over  14,000  in  wrought  iron  or  ( 
in  cast  iron,  the  value  of  i\  for  a  given  magnetising  force  ' 
little,  however  the  latter  has  been  arrived  at— that  ii,  \ 
magnetising  force  has  been  decreased  down  to  or  increased  < 
that  value. 

At  this  point  it  will  l>e  well  to  give  an  outline  of  thai  the 
of  induced  magnetism  which  M  tin  nt  I 

to  account  for  the  very  large  range  ■  en  1 

to  light  by  experimental  research.     'I'he  molecular  thvucy,  as  1 
termed,  starts  with  the  fundamental  assumption  thai  the  xaoV 
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of  a  magnetic  body  are  already  and  always  permanent  magnets 

endowed  with  polarity,  and  that   the   process   of  magnetisation 

consists  in  turning  these  small  magnets  so  that  the  direction  of 

their  magnetic  axes  coincides  more  or  less  with  the  direction  of 

the  magnetising  force  due  to  some  external  cause.     The  actual 

distances  between  the  centres  of  the  molecular  magnets  are 

Mipposcd  not  to  be  changed  (save  by  the  effects  of  mechanical 

stress  or  heating),  so  that  each  magnet  is  only  capable  of  rotation 

about  its  centre.     Since,  however,  as  we  see  from  the  ascending 

curve  of  fig.  no,  it  requires  a  strong  magnetising  force  to  induce 

a  high  magnetic  induction  in  iron,  it  is  evident  that  the  molecules 

•  be  fxirfectly  free  to  turn  and  set  themselves  along  the 

in  of  the  magnetising  force  ;  for  in  that  case,  even  when  a 

weak  magnetising  force  was  applied,  they  would  all  swing  round 

into  line  with  its  direction,  and  the  iron  would  at  once  become 

entirely  'saturated.'    They  must  therefore  experience  some  re- 

sira.irit,  and  the  exact  nature  of  this  restraint  has  hitherto  proved  a 

stumbling-block.    But  in  1890  the  experiments  of  Professor  Ewing 

led  him  to  return  to  the  simplest  hyfjothcsis,  viz.  that  it  is  the 

mutual  attraction  and  repulsion  of  the  molecular  magnets  which 

tupplies   the  constraining   force,   and   hinders   their    immediate 

ment  into  perfect  jxirallelism  with  the  magnetising  force.     By 

s  of  a  model  visibly  representing  the  supposed  molecular 

structure  of  a  magnetic  body,  he  was  able  to  imitate  most  of  the 

omena  of  magnetism,  and  thence  to  deduce  the  following 

.'    The  molecules  of  a  piece  of  iron  when  in  a  neutral  state 

lie  arranged  in  a  number  of  groups  ;  these  are  not  necessarily 

kJcntical  in  configuration,  but  each  of  them  is  stable,  and  has  no 

mema!  magnetic  effect,  the  attractions  and  repulsions  of  each 

iCt  being  satisfied  within  its  own  group.     For  small  displace- 

of  its  members  the  whole  group  remains  stable;  but  if  the 

are  turned  through  a  sufficiently  great  angle,  and  the 

is  distorted,  one  or  more  members  become  unstable,  and 

their  tquihbrium  is  liable  to  be  upset.     The  result  is  that  for  a 

'  '  Contiibations  to  the  Molecular  Theory  of  Induced  Magnetism,'  by  I'ro- 
r  Ewing,  reprinted  in  the  EUilrician,  Scplemlier  13  and  19,  1890.     The 
.  u  also  referred  to  the  same  authur's  Ma^nctU  huluction  in  Iron  ami 
•  Mttati,  diap.  ki.  pp.  287-300. 
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slight  increase  of  the   displacement  the  whole  group 
broken  up,  and  has  to  be  partially  or  wholly  rearranged  i 
constructed  after  a  new  plan.     From  the  nature  of  the 
above  described,  it  follows  that  when  a  group  is  subjected  tfl 
magnetising  force  which  is  gradually  increased  in  strength  frt 
zero,  the  first  effect  is  to  produce  a  j/fli^/f  deflection  of  all  niemh 
of  a  group,  excej)t  those  which  lie  exactly  along  or  opposite  to  I 
direction  of  h,  and  the  general  lines  of  the  group  arc  still  retained. 
This  corresponds  with  the  initial  stage  of  magnetisation  ■ 
when  the  induction  increases  at  a  slight  rate  almost  i'    . 
to  the  increase  of  the  magnetising  force.     But  "now  let  the  value 
of  H  be  increased  still  further;  the  members  of  the  grof    ■- 
still  further  deflected,  until  at  last  one  or  more  members  1 
unstable.     The  tics  which  bound  them  are  then  ruptured,  n 
inlermolccular  attractions  and  repulsions  constrain  it  and  ■. 
to  entirely  change  their  grouping,  and  take  up  some  new 
figuration,  the  main  lines  of  which  agree  more  closely  with 
direction  of  ii.    Ingencr.il,  with  a  considerable  numl)er  of  difle» 
groups,  this  stage  of  instability  will  not  be  reached  by  thcni  all 
simultaneously  at  one  given  value  of  h,  but  group  after  group 
will  gradually  become  unstable  and  break  up.    This  s<:cond  stace, 
when  the  groups  are  one  after  another  i)assing  thr( 
condition,  corresfKjnds  to  the  steep  part  of  the  .1 
{b,  fig.  no)  when  the  induction  increases  at  a  rapid  rate 
be  still   further  increased  in  strength,  we   have   the  third 
(f,  fig.    1 10),  in  which  the  alignment  of  the  nujlccules  Ijccoil 
gradually  more  and  more  [lerfect  ;   as  each  molecule  is 
more  and  more  into  line  with  it,  the  iron  becomes  more  and 
'saturated,'  and  its  permeability  decreases.     The  dcflectio 
the  molecules  in  their  third  stage  are,  however,  again  !ital>Ie,  < 
the  first  stage. 

Hut  now,  if  after  stage  i  the  force  H  is  gradually  nxac 
the  majority  of  the  groujis,  having  swung  over  to  a  new : 
condition,  retain  their  new  configuration  ;  hence,  if  the  fo 
reduced  to  /ero,  there  is  still  a  r<        '      '  "  r« 

magnetic  induction,  and  it  will  re 

be  actually  reversed  to  produce  a  comlitian  oi  ;  mi 

new  groupings,  and  so  cause  them  to  be  in  ■'  •  et  1 
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replaced  by  fresh  configurations.  Thus  the  gradual  removal  of 
the  magnetising  force  docs  not  lead  to  the  exact  and  complete 
rtpctilion  l)ackwards  of  what  happened  when  the  magnetisation 
Wis  being  increased  ;  in  other  words,  the  movements  of  the 
molecules  are  not  reversible  without  qualification.  Given,  how- 
ever, a  sufficient  numt)cr  of  groups  composing  the  body,  if  the 
magnetising  force  be  removed  and  reapplied,  then,  unless  it  be  very 
wuak,  there  arc.  in  general,  .some  groups  which  pass  through  a 
condition  of  instability.  Especially  will  this  be  the  case  if  the  piece 
of  iron  he  not  perfectly  homogeneous,  and  if,  therefore,  the  lines 
'liflcrcnt  groups  or  chains  arc  difTercntly  inclined  at  different 
This  exactly  corresponds  with  the  observed  facts,  that 
byscrcsis  is  always  present  in  all  cyclic  changes  unless  the  values 
of  M  are  >-ery  small,  but  that  its  effect  is  much  less  marked  for 
dianges  confined  to  the  third  stage  of  the  curve. 

The  piicnomcnon  of  hysteresis  is  thus  amply  accounted  for. 
It  occurs  whenever  on  the  ascending  curve  a  molecule  is  deflected 
from  one  stable  position  to  another  through  a  position  of  insta- 
bility ;  since  then,  on  the  descending  curve,  the  new  position  will 
persist  until  the  change  in  the   magnetising   force   becomes   so 
marked  as  to  Giuse  il  to  again  pass  through  a  position  of  insUibility. 
Further,  whenever  a  molecule  passes  through  a  position  of  insta- 
liility,  there  is  a  dissipation  of  energy  in  the  form  of  heat.     To 
Mpute  I'rofcssor  liwing's  own  words  ('  Magnetic  Induction  in  Iron 
Hpd  other  Metals,"  §  180), '  when  the  molecule's  equilibrium  is  upset. 
Stumbles  over  and  acquires  kinetic  energy  in  falling  towards  a  new 
^pution  of  equilibrium.   It  oscillates  about  that,  and  communicates 
^■nOations  to  its  neighbours,  until  the  motion  is  damped  out  by 
^■Iting  up  eddy  currents  in  the  surrounding  conducting  mass,  and 
Hfe  enci^-  of  these  currents  is  in  turn  converted  into  heat.' 
I        That  mechanical  vibration  should  lessen  the  residual  magnetic 
'    induction  is  easily  e.\i>licable  on  the  molecular  hypothesis,  since  it 
»ill  cau.se  chiinges  in  the  di.stances  between  the  molecukar  centres, 
hiring  the  swinging  thus  set  up  .is  the  m.ignets  recede  from  each 
BBler,  their  stability  is  reduced  so  that  they  respond  more  easily 
I  to  cliange  of  magnetising  force,  and  hysteresis  is  lessened. 
'        It  only  remains  lo  consider  the  importance  or  otherwise  o< 
ikyslcrciis  in  the  design  of  dynamos.     If  we  consider  any  dynamo 
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with  a  disc  armature,  such  as  fig.  75,  and  suppose  that  the  Cfl 
the  armature  are  wound  on  iron  cores,  it  is  evident  that,  as 
core  passes  from  one  field  to  another,  the  magnetising  force  all 
induction  in  it  are  increased  and  reduced  in  the  one  direction,  th 
reversed,  and  again   increased  and  reduced  in  the  other  dirfl 
tion  ;  hence  it  is  taken  through  a  complete  cycle  of  inductic 
varying  from  a  positive  maximum  to  an  equally  groat    negat 
maximum,  and  back  again.     Further,  midway  between  the  11 
fields  there  is  zero  magnetising  force,  and  the  molecules  of 
iron  are  free  to  pass  through  a  position  of  instability.     The 
is  therefore  exactly  analogous  to  curves  II.  and  HI.  of  fig.   n 
There  will  be  hysteresis,  and  the  determination  of  the  amount 
energy  lost  by  hysteresis  per  cycle,  as  obtained  from  the  ctirvc^ 
fig.  112   for   the   maximum   induction  in  the  armature,  will 
strictly   applicable.      Next,   in    the   unijKilar    disc    allemator 
fig.  80  the  magnetising  force  and  induction  in  an  iron  core  won 
be  continually  varied  through  a  cycle  of  changes  from  a  posit 
maximum  to  zero.     Again,  therefore,  there  would  Ije  hysterc 
although  the  amount  of  the  loss  by  hysteresis  would  not  be  so" 
great  as  in  the  former  dynamo.     Modern  machines,  however,  with 
disc  armatures  seldom  have  iron  cores,  partly  on  account  of 
hysteresis  and  other  losses  that  would  be  present  in  tliem, ; 
consequently  the  above  cases  are  not  often  met  with.     Now  wb 
we  pass  to  ring,  discoidal-ring,  and  drum  armatures,  whether  | 
alternators  or  continuous-current  machines,  it  is  true  that,  as 
armature  rotates,  each  molecule  of  iron  mtist  be  twisted  througfi 
an  entire  circle  of  360°  in  c.ich  period  ;  but  this  is  efTected  '■ 
gradual  adjustment  of  itself  to  the  changing  direction  of  llic 
as  it  is  carried  round  with  the  armature,  and  it  is  not  clear 
far  the  magnetising  force  is  ever  removed,  so  as  to  allow  it  to 
liack  through  a  position  of  instability.     If  tiie  magnetising 
always  at  each  point  of  its  path  was  of  considerable  strength, . 
was  never  removed,  there  might  be  no  hysteresis.   But  this  1 
be  entirely  the  case,  since  when  centrally  situated  under  a 
the  inner  portion  of  the  core  is  permeated  by  few  or  no  line 
induction.     Hence  it  is  doubtful  how  far  dctermiruiions  of 
hy.'jteresis  loss  by  the  cyclic  1  stnctly 

plicablc  to  the  case  of  ring,  di  irmat 
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There  is,  however,  invariably  some  loss  by  hysteresis  in  all 
armatures  containing  iron,  and,  so  far  as  its  amount  has  been 
satisfactorily  determined  by  direct  experiment,  it  does  not  appear 
to  differ  much  from  the  amount  calculated  by  the  use  of  such  a 
curve  as  that  of  fig.  112.  In  all  calculations,  therefore,  as  to  the 
beating  of  armatures,  or  as  to  the  efficiency  of  dynamos,  some 
allowance  must  be  made  for  a  loss  of  energy  by  hysteresis,  and  in 
default  of  more  decisive  data,  it  will  suffice  to  determine  its  amount 
by  reference  to  the  curve  of  fig.  112.  Since  /  in  our  formula  of 
page  226  is  equal  to  the  periodicity  of  the  dynamo,  the  rate  in 
watts  at  which  heat  is  generated  in  the  core  by  hysteresis  may 
be  taken  as  kcp,  where  c  is  the  total  volume  of  iron  in  the  arma- 
ture in  cubic  centimetres.  It  will  be  found  that  even  in  the  case  of 
ahemators  with  a  periodicity  of  100  this  quantity  is  but  small,  and, 
even  under  conditions  unfavourable  to  cooling,  is  incompetent  to 
raise  the  temperature  of  the  entire  iron  mass  more  than  a  few 
degrees  Fahrenheit ;  it  only  becomes  of  importance  as  increasing 
the  heat  due  to  other  and  more  serious  losses. 


CHAPTER  XIII 


ARMATURES 

The  practical   construction  ot  armatures,  and  the  methods  by 
which  the  cores  are  built  up  and  the  inductors  are  wound  on, 
must  next  claim  our  attention.     The  subject  is  too  great  to 
fully  treated  within  our  limits,  but  in  the  present  chapter  cer 
general  principles  will  be  discussed  by  which  in  everyday  practii 
the  mechanical  construction  of  armatures  and   commulators 
governed. 

Except  in  the  case  of  certain  disc  macliines,  the  armatij 
winding  is  now  almost  invariably  supported  on  metal  corcsk, ; 
these,  in  ring,  drum,  or  discoidal  armatures,  are  of  iron.  As 
mentioned  in  Chapter  VII.,  the  use  of  the  metal  supporting  core 
either  necessitates  its  rotation  together  with  the  rotating  inductors, 
or,  if  the  armature  is  stationary  and  the  field  magnet  re\ 
implies  that  its  surface  is  swept  over  by  the  moving  field  ol 
From  this  fact  there  follows  a  most  important  consequence ; 
whenever  a  metallic  mass  actively  cuts  lines  of  induction, 
becomes  the  seat  of  induced  E.M.F.'s,  which  will,  unless 
vented,  set  up  electric  currents  ;  the  direction  of  these  in  that' 
p:irt  of  their  path  where  the  E.M.F.  is  generated  will  Ijc  at  rigtH 
angles  to  the  direction  of  the  lines  and  to  the  directioo  of 
ment.  If,  therefore,  the  core  whereon  the  indu(;tors  prop 
wound  Ik;  formed  of  a  solid  metal  mass,  the  latter  will 
inductively,  and  although  the  E.M.F.'s  induced  in  it  inay 
small,  yet,  owing  to  the  low  resistance  of  the  numerous  met 
patiis  open  to  them,  they  will  cause  enormous  cddy-currentsj 
circulate  round  the  core  ;  the  latter  will  then  bc< 
energy  will  be  wasted  equal  in  amount  to  the  ; 
E.M.F.  and  the  strength  of  tl»e  eddy-current.    In  a  w 
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:ure  the  eddy-currcnis  will  flow  in  two  sheets  along 
gth  of  the  iron  core,  in  opposite  directions  on  the  two 
les.  Their  intensity  will  be  greatest  near  the  surface,  where  the 
e  of  cutting  lines  and  the  induced  E.M.F.  is  greatest,  and 
•oughout  the  entire  length  of  the  core,  and  especially  at  its 
ds,  the  currents  will  bend  radially  inwards  to  complete  their 
cuit  through  the  armature  shaft,  hub,  or  inner  portion  of  the 
re.  Analogously,  in  a  solid  discoidal-ring  armature  the  eddy- 
rrents  will  circulate  round  the  core,  running  up  one  side  of 
:  flat  ring,  across  and  down  the  other  side.  In  all  cases  their 
■ection  on  the  surface  of  the  core  will  be  similar  to  that  of  the 
rful  currents  in  the  inductors  proper,  since  these  latter  are 
pressly  arranged  to  obtain  the  best  inductive  effect.  So  long 
■be  metal  core  rotates,  or  is  swept  by  the  lines,  it  remains 
pissible  to  prevent  the  induction  of  E.M.F. 's  in  its  surface,  but 
s  possible  to  interpose  in  the  paths  which  the  eddy-currents 
'uld  follow  such  very  high  resistances  as  to  prevent  their 
lining  any  appreciable  strength.  This  is  effected  by  dividing 
;  core  up  into  small  portions,  each  of  which  is  more  or  less 
mpletcly  sejiaratcd  from  its  neighbours  by  a  thin  layer  or  covering 
some  insulating  material.  The  directions  in  which  the  sub- 
'ision  is  carried  out  must  be  so  chosen  that  the  insulation 
structs  Uie  chief  paths  of  any  induced  currents.  In  the  iron- 
!  matures  now  under  consideration  this  can  only  be  effectually 
if  the  core  be  divided  in  planes  parallel  to  the  direction 
lines  and  to  the  direction  of  motion  ;  the  mass  of  metal 
be  broken  up  at  the  actual  seat  of  the  E.M.K  and  trans- 
y  to  its  direction,  and  the  sul)division  should  be  especially 
Feet  at  the  jjeriphery,  where  the  E.M.F.  is  greatest.  In  short, 
:  core  must  be  laminated,  the  direction  of  lamination  being 
Itcd  to  the  type  of  armature.  In  ring  or  drum  armatures  the 
■f  lamination  should  be  at  right  angles  to  the  axis  of 
.  or  to  the  slvaft.as  indicated  in  the  sections  of  fig.  46, 
lite  in  discoidal-ring  armatures  the  divisions  should  l)e  approxi- 
lldy  conoeninc  with  the  axis  of  rotation  (ligs.  50  and  74).  In 
th  cases  the  binination  is  at  right  angles  to  the  inductors  them- 
iid  the  c</c"  of  the  divisions  are  presented  to  the  lines  of 
■..    .Small  n,.M.F.'s  will  still  be  induced  transversely  across 
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the  surface  of  eacli  division,  but  ihey  will   be  prevented   fro 
acting  summationally  or  in  series  by  the  intervening  insulation  ; 
currents  that  can  be  set  up  are  thus  reduced,  and  likewise 
energy  that  is  absorbed.     The  thinner  the  divisions,  the  less  ' 
be  the  amount  of  the  eddies,  and  the  limit  to  the  advantage  j 
further  subdivision  is  only  reached  when  questions  of  the  cost 
manufacture  or  of  mechanical  strength  outweigh  the  advantage  ( 
a  further  slight  gain  in  efficiency. 

The  requirements  above  laid  down  for  ring  or  drum  annatud 
are  met  by  the  use  of  thin  discs  or  washers,  either  threaded  on 
the  arms  of  a  central  hub  or  strung  direct  on  the  shaft.     Eac 
core-disc  is  well  insulated  from  its   neighbours  on  either  sidej 
hence  they  make  little  or  no  contact  with   each   other   exc< 
through   their  connection   with  the  shaft,   and  the   passage 
eddy-currents  along  the  surface  or  through  the  mass  of  the  cc 
from  one  disc  to  another  is  prevented.   The  same  end  is  obtains 
although  somewhat  less  eflTectually,  by  using  wire,  wound  to  for 
cylindrical  core,  the  separate  turns  making  but  slight  electrical 
contact  with  each  other.     The  requirements  of  the  di- 
armature  are  fulfilled  practically  by  a  thin  band  orri!. 
on  a  supporting  ring,  or  again  less  perfectly  by  wire,   adjac 
layers  being  in  either  case  lightly  insulated  from  each  other. 

Of  the  three  magnetic  materials  discussed  in  flhapier  XIL,  fc 
is  at  once  evident  that  cast  iron  and  cast  steel  arc  out  of 
question  for  armatures,  since  they  do  not  permit  of  the  core  l> 
sufficiently  laminated.    Owing  to  its  inferior  permeability 
greater  hysteresis  loss  as  compared  with  wrought  iron,  steel 
further  be  eliminated,  and  it  thus  follows  that  the  only  magn« 
tnaterial  which  is  practicable  for  armature  cores  is  soft  annc 
wrought  iron   in    the  form  of  thin  discs,   thin   ribbon,   or  w^ 
Charcoal-iron  is  usually  specified  for  the  purpose,  but  the 
or  ribbon  most  commonly  in  use  cannot  always  Ik*  rrgaidcd' 
charcoal  iron  manufactured  after  the  technical  sense  of  lhe( 
but   as   wrought    iron   containing    only   a   small   jtcrecr 
carbon  :  provided  it  be  soft  and  thoroughly  aimealed,' 
meability  of  such  iron  is  practically  assured, 
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The  use  of  discs  stamped  out  of  thin  sheet-iron  is  now  almost 
universal  for  ring  and  drum  amiatures,  and  in  the  best  machines 
their  thickness  does  not  exceed  "025"  or  No.  24  (sheet-iron 
gauge).  Each  disc  is  either  coa>ed  with  insulating  varnish  or 
paint,  or  is  effectively  separated  fiom  its  neighbours  by  an  inter- 
posed thin  sheet  of  paper  cut  out  to  the  recjuired  shape.  In  ring 
armatures  the  discs  must  be  supported  on  a  non-magnetic  spider 
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Flu  113.— Ring  arnuiturc  ufdi^CA. 

hub,  which  is  usually  of  gun-metal.    Most  commonly,  key-ways 
stamped  on  the  inner  periphery  of  the  discs,  to  fit  three  or 
Bur  arms,  which  project  radially  from  the  central  sleeve  of  the 
the  latter  is  keyed  to  the  shaft,  and  at  one  end  abuts 
linsl  a  collar  ;  the  discs  are  then  slid  over  the  arms,  compressed 
»Uy  together,  and  held  in  position  by  a  gun-metal  star,  this 
being  screwed  up  by  a  nut  on  the  shaft  (fig.  1 13).     In  some 
semicircular     notches    are 
in    the    discs  ;    through 
and  also  through  the  two 
-wheels  of  gun-metal,  run  three 
iinore    long    bolts,   the   whole 
firmly  tightened  up  liy  means 
of  nuts  at  either  end  of  tlie  bolts. 
In  drum  armatures   the   discs 
either  supported   on   a  hub, 
however,  may   be   of  cast 
1,  or  arc  threaded  directly  on 
the  shaft ;    in   the  latter  case 
ey  arc  usually  held  in  position 

a  ft-ather  running  along  the  length  of  the  core  (fig.  114),  but 
>l  unficqucntly  they  are  simply  compressed  tightly  l)etwcen  two 
[id-flanges,  one  or  both  of  which  are  screwed  on  the  shaft  (fig.  1 15) 


KlG.   I M. —  Keyed  core-dL'.c  i.if  drum 
armatme- 
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In  all  cases  it  is  advisable  to  lock  the  tiglitcnir.gupl 
plate  by  a  set  screw,  the  point  of  which  takes  into  ihc  sliaf 
otherwise  there  is  a  possibility  of  the  nut  and  discs  slackio 
through  mechanical  vibration. 

At  either  end  of  the  ring  or  drum  armature  there  are  usuallj.. 
placed  one  or  more  stout  iron  core-discs  (figs.  113  and  iij 
which  serve  to  support  the  thinner  discs  where  they  are  driven  1 
against  the  end-flanges  or  end-arms  of  the  hub.  In  order  to  avc 
eddy-currents  Ijeing  set  up  in  these  end  core-discs  (by  reason  1 
lines  curving  round  from  the  poles  into  their  outer  surfaces), 
axial  length  of  the  core  is  frequently  made  slightly  greater  ih 

ithe  length  of  the  pole-pieces  parallel  to  the  shafL 
Wire  cores  are  now  used  only  for  small  ring  armatures  : 
are  constructed  by  winding  soft  charcoal-iron  wire  cith<»r  on] 
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gun-metal  flanged  pulley,  or  between  two  llanges  on  the  amu  . 
an  open  spider,  a  cylindrical  interior  being  in  this  case  oh 
by  inserting,  during  the  winding,  wooden  supports,  ' 
subsequently  withdrawn.  The  iron  wire  is  either  va; 
single-cotton-covercd,  or  it  is  slightly  oxidised  in  order  to  oh 
moderate  insulation  lietween  contiguous  turns.  Such  armatud 
are,  however,  distinctly  inferior  to  those  com|x>scd  of  thin  dis 
The  interstices  which  exist  between  adjacent  turns  of  ' 
wire  must  be  reckoned  as  lost  space,  and  the  actual 
iron  in  a  core  of  given  cross-section  is  much  less  than  canid  i 
obtained  by  the  use  of  discs.  Ftirthcr,  the  lamination  is  1 
out  in  two  planes,  whereas  in  the  ordinary  ring  armntun;  it  I 
on'  I  in  one  i 

tlu  111  than  is 
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fiuous  in  the  direction  which  the  hnes  take  through  the 
■,  and  in  consequence  to  reach  the  lower  layers  of  iron 
lines  have  to  pass  through  several  non-magnetic  gaps.     Hence 
full  benefit  of  the  radial  depth  of  iron  is  never  ohtained,  the 
IcT  layers  become  saturated  before  the  inner,  and  the  total 
ctance  of  the  armature  is  considerably  greater  than  even  the 
ual  sectional  area  of  the  iron  would  warrant. 
To  form  discoidal-ring  armatures,  soft  iron  ribbon  or  tape 
ut  "025"  thick  is  coiled  on  to  a  supporting  wheel  or  foundation 
The  ribbon  is  at  the  outset  riveted  to  the  wheel,  and  is 
en  wound  on  in  a  lathe,  being  drawn  from  between  rollers  so 
to  put  considerable  tension  on  it  ;  a  layer  of  thin  paper  of  the 
mc  width  as  the  iron  is  wound  on  simultaneously  to  insulate  the 
ssive  layers.      In  order  to  give  mechanical  rigidity  to   the 
long  pins  are  in  some  cases  passed  radially  through  the 
ntrc  of  the  iron  riblwn  and  screwed  into  the  rim  of  the  wheel,  or 
e  latter  is  furnished  with  a  central  projecting  flange,  on  either 
ide  of  which  the  ribbon  is  wound.      In  small  armatures  it  is 
irefcrable  to  use  gun-metal  arms  or  spokes  for  the  foundation 
hcci,  but  in  the  case  of  multipolar  armatures  of  large  internal 
meter  the  whole  may  be  of  cast  iron,  the  spokes  being  so  ■ 
anged  that  the  points  which  they  directly  connect  are  of  similar 
olarity.     If  the  poles  on  either  side  of  the  flat  ring  are  connected 
by  a  common  pole-piece  arching  over  the  core,  lines  of  induction 
;r  the  ring  radially  from  the  top  as  well  as  from  the  two  sides, 
it  is  therefore  necessary  to  laminate  the  core  in  two  planes 
-at  least  near  the  outer  periphery.     This  is,  to  a  certain  extent, 
(Tected  by  adopting  a  narrow  width  of  iron  tape,  and  winding  it 
in  three  or  more  rows  of  turns  side  by  side,  while  in  other 
Bs  rectangular  or  square  iron  wire,  lightly  insulated,  has  been 


1 


All  bolts,  iVc,  used  to  hold  the  core  in  position  must  either  be 
placed  as  to  be  traversed  by  few  or  no  lines  of  induction,  or 
liitt  be  insulated  from  the  core  by  fibre  tulx;s  and  fibre  or  mica  ■ 
shcTS  in  order  to  obstruct  the  patlis  that  eddy-currents  generated 
ni  would  follow. 
l.a.stly,  care  must  be  taken  that  the  end-flanges,  supporting 
||il<l.r-  (ir  liubs,  arc  not  the  scat  of  cdily-currents  :  so  far  as  pos- 
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sible  they  must  he  kept  without  the  influence  ol  the  magnetic! 
In  drum  armatures  with  discs  of  considerable  radial  depth  v 
few  lines  pass  across  from  inner  side  to  inner  side  of  the  di 
through  the  shaft  ;  but  in  ring  anuatures  worked  at  a  high 
tion,  not  only  may  a  small  percentage  of  the  lines  of  the  field  j 
the  internal  opening  of  the  discs,  but  a  further  number  of 
crossing  the  ring  internally  will  he  induced  by  the  current  in  ( 
armature  winding  (see  Chap.  XVII.).  Although  the  armaK 
revolves,  this  internal  field  remains  stationary  ;  it  is  therefore  t 
by  the  arras  and  sleeve  of  a  central  hub,  and  the  latter  will  bccoi 
heated  by  eddy-currents.  In  order  to  minimise  this  waste  it  is  i 
portant  that  the  hub  should  be  lightened  so  far  as  possible,  wh 
still  maintaining  sufficient  mechanical  strength  (compare  fig.  1 1 
Armature  shafts  are  usually  of  mild  steel,  produced  by  t 
Bessemer  or  Siemens-Martin  processes.  The  determination  of  t 
diameter  required  at  different  parts  of  their  length  is  largely 
matter  of  experience,  but  nevertheless  in  the  main  it  requires 
be  based  on  the  theoretical  rules  appropriate  to  shafts  which  a 
subjected  to  the  comliined  stresses  of  torsion  and  bending.  T 
calculation  of  the  torsional  stress  due  to  the  continuous  ai 
steady  transmission  of  horse-power  through  a  rotating  shaft  is  . 
easy  matter;  if  the  shaft  makes  n  revolutions  per  minute,  and  tnu 
mits  fP  horses'  power,  the  twisting  moment  about  the  axis  of  I 

shaft  is  T„=63,ooo     inch-pounds.    For  dynamo  work  this  may 

translated  into  a  more  convenient  form.  If  the  output  of  a  dynan 
be  kw  kilowatts,  the  actual  power  which  passes  into  the  shj 
either  through  the  pulley  of  a  l>elt-driven  machine  or  through  tl 
coupling  connecting  it  directly  to  the  crank -shaft  uf  an  engine, 

ic  w=  _  ,  where  i\  is  the  coefficient  ot  commercial  economy, 

the  ratio  between  the  useful  power  given  out  at  the  terminals,  ai 
the  total  power  absorbed  in  obtaining  tt.'     By  substitution  of  tl 

P      '  In  the  case  of  a  &c|nratcly  exciteil  iT\!Xchinc,  the  excilet  nr  whirh  it  x 
firivcn  from  llic  m.tin  dynamo  shnfl,  the  ymwcr  i»l»(iilicil  in  i!  ul 

•(rir'ly  lie  tnUrn  Into  accounl  in  calculating  the eomimrcul  efliLi  jifl 

i"  '  >ii  (uch  luu  in  the  fidil  stand*  uumUc  lira  caJcolafl 
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ibtain 


«y  KW,  reduced  to  horse-power  in  the  above  equation,  we 


T„=85,ooo — ■  inch-pounds. 


nie 


rhe  commercial  efficiency  oi  dynamos  varies  considerably  with 
heir  type  and  si/.e,  but  in  the  greater  number  of  cases  it  ranges 
letween  70  and  90  [ler  cent.,  which  gives  an  average  value  for  ij  of 
ibout  -8. 

But  torsion  is  by  no  means  the  only  stress  to  which  the  anna- 
shaft  is  subjected  ;  there  is  also  considerable  bending  stress, 
to  several  causes,  chief  among  which  is  the  weight  of  the 
Innature  itself.  In  ring  or  drum  armatures  the  weight  is  more 
>r  less  uniformly  distributed  over  the  length  of  the  shaft  between 
the  lieanngs  ;  in  discuidal  and  disc  armatures  the  weight  is  more 
nearly  concentrated  at  the  centre,  although  even  then  the  axial 
length  of  the  supporting  hub  is  usually  a  considerable  number  of 
laches.  If  w  be  the  weight  of  the  complete  armature  in  pounds,  and 
/  lie  the  span  in  inches  between  the  inner  ends  of  the  bearings  on 

E:r  side  of  the  armature,  then  if  we  assume  the  whole  of  the 
ht  to  be  concentrated  at  the  centre  of  the  span,  the  greatest 
U 


Ttcnding  moment  is  n„, 


inch-pounds.    If,  however,  we  assume 


the  weight  to  \x  uniformly  distributed  throughout  the  entire  length 

w/ 
of  the  sliaft,  the  greatest  bending  moment  is  reduced  to  b„=  -  . 

o 

Neither  supposition  is  strictly  true,  and  the  best  approximation  is 

probably  obtained  if  we  adopt  an  intermediate  value  for  b„= — ^ 

6 

Combining  this    by  a    well-known   rule   with   the    twisting 

moment,  we  obtain  the  equivalent  twisting  moment 


T,=B«-f->/(B,.»-fT„-); 
equating  this  to  the  moment  of  resistance  of  a  circular  section 


ifsion,  or  t,=oi96  (P/,  wc  obtain  li 


-</ 


T, 


where 


o'i96x/' 
( the  mintmum  diameter  of  a  solid  circular  shaft  for  a  given 
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value  of/,  and/is  ihe  greatest  safe  working  stress  of  tlie  mate 
of  the  shaft  in  pounds  per  square  inch. 

In  engine-driven   dynamos,  where  the.  heavy    mass   of 
fly-wheel  is  supported  between  the  inner  bearing  of  the  engine 
outer  or  commutator  Ijearing  of  the  dynamo,  it  will  he.  necc 
to  take  this   further  weight   into  account  as  concentrated 
certain  distance  from  the  centre  of  the  armature.' 

In  many  classes  of  work  the  maximum  safe  working  strrsx  for 
steel  may  be  put  as  high  as  10,000  lbs.  per  square  inch  ;  but 
experience  has  shown  that  in  dynamo  shafts  a  large  apparent 
factor  of  safety  is  necessary  in  order  to  allow  for  a  van  ' 

fluences  which  in  the  above  equations  are  entirety  iin: 
First   amongst  these    may  1^  mentioned  the  lateral  pull  > 
from  the  pulley  end  by  the  tension  of  the  driving  l)clt  or  ;-i;.  - 
The  pulley  in  belt-driven  machines  is  usually  placed  outside  of, 
but  as  close  as  possible  to,  one  of  the  two  bearings  (fig.  2)  ;  4and 
were  the  armature  shaft  rigidly  fixed  within  the  bearing,  the  bending 
moment  due  to  the  pull  of  the  belt  on  the  projecting  shaft  would 
be  but  small.     The  actual  case  is,  however,  somewhat  dit^^ — ' 
and  a  certain  amount  of  bending  stress  must  be  allowed  for 
the  span  of  the  shaft  from  the  one  bearing  to  the  (Jther,  over  , 
above  that  due  to  the  weight  of  the  armature.    There  may  fa 
be  in  single-magnet  machines,  such  as  those  of  figs.  2  and  1^ 
a  considerable  downward  or  upward  magnetic  pull,  the  nature] 
which  will  be  described  in  Chapter  XIV. 

Perhaps  even  more  important  than  this  is  the  necessity  for  1 
utmost  stiffness  in  an  annature  shaft.  In  a  rapidly  rotating  ar 
the  slightest  want  of  balance  when  running  will  tend  to  deflect  I 
centre-line  of  the  shaft  away  from  the  straight  axis  of  rolatiu 
unbalanced  centrifiigal  force  then  comes  into  play,  and  vibralio 
which  further  increases  the  evil,  is  set  up.     The  shaft  must  the 
fore  possess  ample  stilfness  to  withstand  this  tendency,  csp 
when  the  span  between  the  bearings  is  long,  and  the  amuti 
large,  heavy  mxss  running  at  a  high   hpced.      I  ■ 
actions  arc  set  up  when  the  masses  of  the  nnnatwr. 
arc  acuuslerated  or  retarded  by  reason  of  sudden  changes  in  Um 


5«ee  Uowin'*  BltmaUi  ^ Afatkim*  Iht/gH,  w>l.  i.  jk  9ia(niii  1 
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rMTur,  (.g.,  ill  a  generator  supplying  current 
fmcar  motor,  'i'hc  innuence  of  all  these  causes  is  to  a  large 
jindetenniiiate,  but  it  is  owing  to  them  that  an  armature 
l-hich  is  strong  enough  to  transmit  the  requisite  horse- 
xorsionally,  and  to  resist  the  bending  due  to  the  armature 
I  may  still  not  be  stiff  enough  to  secure  freedom  from  vibra- 

ithstand  the  working  shocks  and  strains.  On  this 
factor  of  safety  is  required  than  would  be  neces- 
condilions  more  exactly  known  ;  and  hence  in  the 
equations /will  \yc  found  in  practice  to  work  out  no  higher 
bout  3,500-4,500  lbs.  per  square  inch.  Adopting  some 
fctwcen  these  limits,  our  equation  may  be  used  to  determine 
limum  diameter  of  the  shaft  at  the  centre  of  the  armature, 
py  part  between  the  centre  and  the  point  of  application  of 
jving- power.  Further  allowance  must  be  made  at  the 
lif  a  key-way  is  to  be  cut  in  the  shaft  for  keying  on  the 
\  their  supporting  hub  ;  and  in  general  to  give  stiffness  at 
ptre,  the  shaft  is  usually  there  swelled  out  to  a  larger 
\x  than  it  has  within  the  bearings.  Since  the  useful  horse- 
b  absorbed  within  the  limits  of  the  armature,  the  diameter  of 
K  may  be  reduced  within  the  further  or  commutator  bearing  ; 
peases,  however,  for  convenience  of  manufacture,  the  same 
rr  of  journal  is  retained  throughout,  even  though  within  the 
tring  there  is  a  surplus  of  strength.  Any  alteration  in  the 
(haft  requires,  of  course,  to  be  effected  with  a  fairly  large 
»  order  to  avoid  opening  of  the  fibres  of  the  steel  at  the 
here  the  change  of  diameter  is  made, 
order  to  ensure  durability  and  coolness  in  working  it 
tsary  in  all  high-speed  machinery  to  make  the  journals  of 
rable  length  as  compared  with  their  diameter,  and  in  belt- 

tures,  running  at  from  500  to  1,500  revolutions  per 

itiomostfreiiucntlyobservcdis^  =  4,  where  d  is  the 

•  of  the  journal.     In  engine-driven  armatures,  running  at 
rc>'oliuiotis   per  minute    or    less,   the   proportionate 
be  somewhat  reduced,  say,  to  three  diameters, 
fjng  or  drum  armatures,   end-play  is  usually  limited  by 
^boulders,   which    bear    against     the    two    inside    ends 

R 


I 


242 


THE   DVNAAfO 


of  ihc  brasses  of  the  bcarintis  :  a  slight  aiiiuuni  ol  erii 
vantagcous,  since  it  secures  n  more  uniform  wear  of  the  • 
surface,  hut  it  is  seldcmi  allowed  to  exceed  j'^th  of  an  inch, 
discoidal  and  disc  armatures,  end-play  must  be  definitely  nv 
by  the  use,  at  one  or  other  end,  of  a  thrust  or  collar  l)earing, 
otherwise  there  is  danger  of  the  armature  striking  the  poles  at 
sides. 

Returning  to  the  process  ol  constructing  an  ordinary  rii 
drum  armature,  let  us  assume  that  the  discs  have  now  been 
up  into  a  cylindrical  core.     The  next  step  consists  in  tumini 
surface  true  in  a  lathe.     Unless  carefully  done  with  a  sharp 
fine-nosed  tool,  this  operation  is  apt  to  burr  over  the  edges  of 
discs  :  they  are  thus  brought  into  contact  on  the  surface,  and 
advantage  of  lamination  is  largely  nullified,  since  ed  ' 
can  flow  in  sheets  from  end  to  end  of  the  core.     1 1 
makers  consider  it  advantageous  to  take   the  discs  ajxirt  a 
turning,  and  grind  the  burr  oflT  on  an  emery-wheel,  after  which 
armature  is  again  built  up. 

Wlien  the  armature  core  is  completed,  and  all  rough 
have  been  filed  smooth,  the  surface  is  varnished  with  shellac 
carefully  insulated  all  over  with  Willesden  or  other  stout 
and  ta])e  or  calico,  the  whole  being  finally  varnished  and  pri 
ably  dried  in  a  stove  in  order  to  thoroughly  rid  it  of  all  raoi.si 
The  ends  and  interior  of  ring  armatures  arc  similarly  insu 
especial  care  being  taken  to  insulate  with  fibre  protecting-pw 
the  driving  spokes  or  arms  against  which  the  internal  wires 
tightly  pressed.     In  the  ca.se  of  allcmators  and   lii  ' 
machines  m  general,  it  is  not  unusual  to  cover  the  cou 
of  thin  mica  hdd  down  by  varnished  tape,  or  even  to  int 
between  the  core  and  the  winding  a  thin  sheet  of  vuktinite. 

Passing  to  the  operati<jn  of  winding,  let  us  first  consider 
continuous-current  ring  armature.     Each  sei ' 
usually  wound   on  seiwrately,   the   ends   b' 
open  and  subsequently  connected  up  wlicn  Ibc  commutato>r  is 
on.     The  doublecotton-covered  wire  is  cut  off  into  lengths 
ficient  for  an  entire  section  of,  say,  two  or  three  turns,  and 
being  lightly  vnrnishcfl  with   shellac  w  allowed   to  dry. 

'inding   of   ^    stfitmi    ^(^rtsI*;f^     in     prc-.sin.'    otn*  I'n't    '^f    i1i<» 
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through  the  interior  of  the  ring,  bending  it  round  and  over  the 
core  and  drawing  it  tight  from  either  end,  so  as  to  form  a  complete 
loop,  the  process  being  again  repeated  to  form  a  second  or  third 
loopu  In  moderate-potential  machines,  giving  1 50  volts  or  less, 
dwre  are  seldom  more  than  two,  and  usually  there  is  but  one,  ^_ 
hyer  of  wire  on  the  outside  ;  owing,  however,  to  the  smaller  ^| 
ctcr  of  the  centra!  opening,  and  the  loss  of  space  by  reason  ^^ 
L-  radial  spokes,  it  is  necessary  to  dispose  the  winding  in  at 
two,  and  sometimes  three  or  more,  layers  on  the  inside 
^  ;j.c  rmg.  The  later-wound  loops  of  a  section  are  then  made  to 
ride  over  the  first-wound,  so  that  any  section  can  be  unwound  and 
rq>laced  without  disturbing  the  rest  of  the  winding.  In  order  to 
secure  an  even  and  symmetrical  winding,  the  ends  of  the  core 
should  at  the  outset  be  divided  off  by  radial  marks  into  the 
required  number  of  compartments,  so  that  no  section  may  exceed 
its  allotted  space. 

For  farige  currents   the  required  sectional  area  of  wire  is  so 

great  that  it  becomes  difficult  to  bend  it  round  the  comers  of  the 

ring-core  satisfactorily.     Moreover,  economy  dictates  the  use  of 

baring  a  rectangular  or  trapezoidal  section,  so  shaped  that 

cluctors  lying  close  by  the  side  of  each  other  form  a  nearly 

complete  cylindrical  envelope  to  the  core  ;  little  or  none  of  the 

••■'  •  ible  space  round  the  periphery  of  the  armature  is  then  wasted 

■  ■  interstices  between  the  inductors.     Hence  in  the  bipolar 

'ures  which  were  so  commonly  made  in  former  days,  if 

r  large  outputs  at  moderate  pressures,  the  loops  were 

OM  of  round  wire  wound  on  the  core,  but  01  wire  having  a  rect- 

—  -ihr  section  :  each  U-^hapcd  loop  was  formed  separately  on  a 

1.  and  was  then  sprung  over  the  core.     In  some  cases  each 

iivided  into  an  inductive  and  a  connecting  portion,  and 

.^.i  were  of  different  section,  the  inductors  on  the  surface 

J  rectangular  and  the  connectors  trapezoidal.    The  wedge- 

■J  section  of  the  latter  enabled   them  to  be  conveniently 

■J  into  the  interior  of  the  ring  in  a  single  layer,  but  the 

pliciiy  of  riveted  and  soldered  joints  was  a  serious  drawback 

lu  >>ti.  method. 

At  the  present  time,  however,  in  continuous-current  bipolar 
tnachinct,  ring  armatures  are  seldom  employed  for  outputs  aliove 
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15  kilowatts — unless  their  voltage  exceeds,  say,  200  volts.  In  WB 
case  the  area  of  wire  is  small  and  many  turns  per  sc<:tion  , 
required.     In  fact,  the  drum  method  of  winding  is  now- 
more  commonly  used  for  all  outputs  over  10  kilowatts  at  mc 
pressures.     If  the  output  be  small  the  drum  is  wound  with 
wire  in  sections  of,  say.  three  or  four  complete  loops.'     ^ 
the  turns  cross  the  end  of  the  armature  they  require  to  be 
and  systematically  disposed,  so  as  to  form   a  compact  '  he 
round  the  spindle,   and   in  order  to  prevent  any   slipping 
should  be  interlaced  with  tape. 

While  the  term  '  armature-winding  '  is  very  appropriate  to  j 
covering  of  the  core  with  inductors  in  the  ca.se  of  small  ring 
drum  armatures  wound  with    round  wire,  and,  indeed,  took 
origin  from  the  fact  that  such  were  the  earliest  types  made,  it 
somewhat  of  a  misnomer  as  applied  to  large  drum  armature*. 
these  not  only  are  the  inductors  large  and  heav7  bars  of  copper" 
of  rectangular  or  trapezoidal  section,  but  the  end-connertc 
usually  entirely  distinct,  being  thin  but   wide  strips  of  . 
which  are  built  up  separately  and  ap.-irt  from  the  rest  of  the  windm);. 

The  development  of  the  armatures  of  figs,   loo  and  101 
serve  to  illustrate  the  general  principle  of  all  such  end-connc 
for  drums.     When  the  connectors  for  either  end  of  the  armail 
are  arranged  in  place,  the  lugs  at  their  ends  stand  out  in 
circular  rows,  the  one  near  to  the  armature  core  and  the 
farther  away,  each  connector  being  so  twisted  or  so  formed 
within  its  length  it  passes  across  from  the  one  row  to  th«  1 
At  each  end  of  the  armature  the  ends  of  the  inductors  arc 
nately  long  and  short,  and,  by  means  of  the  spir.-jlly-bcnt  connc 
the  long  end  of  one  inductor  is  connected  to  the  short 
another,  situated  at  the  proper  distance  ajwrt  round  t^ 
fercnce  of  the  core.     Two   advantages   are   thcicby 
contrasted  with  wire-wound  drum  armatures.     In  these  la 
loops,  as  ihey  pass  round  the  spindle  at  either  end  of  the  ; 
must  needs  overlap  earh  other,  and  the  difference  of  ; 
between  the  overlapping  loops,  since  it  anion  i 
of  the  machine,  is  apt   to  break  riown  the  1 
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ircuits,  while,  funher.  ihe  repair  of  any  one  loop  usually 

■  s  the  unwindin«  and   rewinding  of  the  whole  armature. 

But  now,  when  a  separate  system  of  connectors  is  arranged  as 

'      -  Scd  above,  in  the  first  place,  the  difference  of  potential 

.  n  any  two  adjacent  connectors   is  never  more  than    the 

t,.M.F.  due  to  (wo  inductors;  thus  in  a   loo-volt  dynamo  with 

loo  inductors  it  will  not  be  more  than  about  4  volts  (see  fig.  100) ; 

hence  there  is  little  likelihood  of  the  insulation  between  the  con- 

rs  giving  way.     In  the  second  place,  if  a  bar  be  damaged,  it 

■J   unsoldered,  taken  off,  and  replaced   without  interfering 

Willi  the  rest  of  the  winding,  and  therefore  repairs  can  be  much 

motv  easily  effected. 

The  various  forms  which  have  been  devised  for  drum  end- 
icctors  are  too  numerous  to  [>crmit  of  detailed  considera- 
jn,'  but  certain  of  the  best-known  types  will  be  described  in 
Chap.  XIX.  In  general,  they  are  thin  strips  of  copper  about  i" 
10  2"  wide,  which  are  insulated  with  tape  or  calico ;  when  built 
up  apart  from  the  armature  or  inductors,  the  connectors  for  each 
end  form  a  compact  and  symmetrical  mass,  which  is  subsequently 
passed  over  Uie  spindle  into  its  place.  When  the  connections  for 
one  complete  loop  have  been  marked  so  as  to  start  the  winding, 
inductor  is  laid  on  the  surface  of  the  core,  and  its  ends  soldered 
I  the  lugs  of  the  appropriate  pair  of  connectors  j  bar  after  bar  in 
continuous  succession  is  thus  connected  up  at  l»th  ends  by 
Kildcred  joints  until  the  whole  surface  of  the  armature  is  covered, 
and  the  winding  results  in  a  closed  helix  of  many  loops. 

■  'wing  to  the  fact  that  any  inductor  must  necessarily  possess  a 
ai  width  in  the  direction  of  rotation,  its  leading  edge  enters 
or  leaves  the  field  at  the  {>olar  tips  sooner  than  its  rear  edge,  and 
(general,  when  moving  through  a  field  of  varying  density,  one 
is  cutting  more  lines  of  induction  than  the  other.  In  conse- 
vncx,  when  an  inductor  is  either  approaching  or  receding  from 
approximately  uniform  field  under  the  centre  of  a  pole-piece, 
a  greater  K.M.F.  is  set  up  along  one  edge  than  along  the  other, 
■nd  if  the  inductor  be  solid,  the  unbalanced  difference  of  these 

'  For  ui  exhuiislive  analysis  of  ihcin  the  reader  is  lefcrrcil  10  a  .series  of 
sitldes  on  •  Dnim  .Armature*,'  by  K.  Weymouth,  published  in  the  Eltctritian, 
XovanbcT  and  December  1890. 
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E.M.F.'s  will  cause  a  local  cddy-cuircnt  to  pass  up  and  ( 
along  the  two  edges  and  round  at  the  ends,  as  shown  in 
This  production  of  eddy-currents  in  a  solid  inductor  is  natS 
not  very  marked  in  the  case  of  round  wires,  but  if  the  indue 
of  any  armature,  whether  ring  or  drum,  continuous  or  altcmat 
are  solid  and  of  rectangular  section,  and  have  considerable  trii 
the  difference  in  the  E.M.F.'s  of  the  two  edges  of  a  bar  will 
appreciable  and  may  lead  to  disastrous  results.     Thus  in  a  bip' 
machine  on  open  external  circuit,  but  with  e.\citcd   field,   I 
times  in  each  revolution,  an   eddy-current  will   circulate   roi 
each  inductor-bar  as  it  abruptly  leaves  or  enters  the  field  at 
polar  tips,  and  although  the  eddy-current  E.M.F.  may  be  a 
paratively  small,  yet  since  it  is  acting  round  a  circuit  of  \ 
low  resistance  a  very  large  current  may  for  a  short  time  be  g( 
rated  :  not  only  is  mechanical  energy  thereby  absorbed,  but 
temperature  to  which  the  bar  is  raised  may  become  so  high  xi 
damage  the  soldered  joints  at  its  ends.     If  considerable  cun 
be  taken  out  of  the  armature,    no  actual  eddy-current 
produced,  but  the  distribution  of  the  current  over  the 
area  of  the  copper  is  no  longer  uniform  ;  in  consequence  ( 
greater  current  density  at  the  one  edge  the  energy  lost  an 
heat  there  generated  become  excessive,  since  the  loss  «nj 
is    proportional  to  the  square  of  the  current     The 
the  eddy-current   E.M.F.   for  a  given  width  of  bar  will' 
directly  with  the  peripheral  speed  and  with  the  rate  at  which 
density  of  field  changes  in  the  neighbourhood  of  the  polar  t 
while   the   strength  of  the   eddy-current  will  itself  vary  diro 
as  the  E.M.F.     With   high  speeds  and  strong   fields  abni| 
entered,   it  will   readily   be   understood   that   the 
generated  in  wide  bars  may  seriously  imjttir  the  c.i 
machine,  even  if  the  whole  armature-winding  docs  not  beo: 
overheated.     Something  may  be  done  to  neutralise  this  souHJ 
loss  by  so  shaping  the  pole-pieces  that  the  edge  of  the  fieIdH 
parallel  to  the  length  of  the  inductor,  but  is  inclined  to  ifl 
whole  of  the  leading  edge  of  the  inductor  does  not  then  bfl 
immersed  in  the  field  before  the  rear  edge.    Or  the  cnujH 
and  departure  from  the  field  may  be  r      '       V  fS 

bore  of  the  [>ole-(>icci-*  be  slightly  cil  iM 
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gap    IS    increased   sligluly   at  the  pole-tijis  and  the   field    is 

ad\ially  shaded  off.     In  spite  of  such  devices  with  an  average 

■ipheml  speed  of  no  more  than   1,500  feet  per  minute,  and  a 

strong  field,  solid  copper  bars  become  inadmissible  if  their 

llh  much  exceeds  "iSo''.     A  completely  satisfactory  solution  of 

he  problem  is,  however,  obtained  if  each  bar  be  divided  into  a 

bumber  of  thin  laminations,  lightly  insulated  from  each  other,  and 

:  then  twisted  at  its  centre  through  an  angle  of  180°  (fig.  116) ; 
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lough  the  laminations  are  at  either  end  joined  together,  their 

sitioii  relatively  to  the  direction  of  rotation  is  thus  transposed, 

:  lamination  which  forms  the  leading  edge  along  one  half  of  the 

ill  becoming  the  following  edge  along  the  other  half  of 

The  E.M.F.  that  is  si;t  up  along  the  entire  length  of 

lammalion  is  then  equal  to  that  of  any  other,  since  if  one 

fof  it  is  moving  through  a  denser  field,  the  other  half  is  moving 

DUgh  a  weaker  field. ' 

>f  c.-irrying  uut  tliU  same  principle  arc  illuitrnted  in  the 
l.ioK,  Nil.  w,88o.     1886. 
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In  order  to  carry  out  this  equalisation  of  the  F.. M  i  .  --ull  i 
thoroughly,  many  makers  use  bars  of  straxidud  coppot  wire  ; 
se])an)te  strands  are  varnished  or  oxidised,  or  otherwise  lighd 
insulated  from  each  other,  so  that  little  or  no  contact  vs.  mm 
along  their  length,  and  the  cable  is  then  compressed  into  a  bar  of 
rectangular  or  tra(>ezoidal  section.  Hy  reason  of  the  stixndti^ 
each  sejjarate  wire  continually  passes  from  the  one  edge  to  dK 
other  of  the  composite  bar,  and  the  formation  of  eddy-currcnis  it 
effectually  prevented. 

When  the  winding  of  the  armature  sections  is  completed,  i 
next  step  is  to  wind  circumferentially  round  the  armature 
bands  of  binding-wire ;  by  these  the  inductors  are  held 
in  place,  and  the  tendency  for  them  to  be  thrown  off  tlte  core  I 
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Fig.  117. — Comptcleil  ring  mmuKarv. 


centrifugal  force  is  counteracted.     'I'he  materials  used  for  Im 
wire  are  German  silver,  phosphor  bron/e,  hard  brass,  or  in 
cases  nonmagnetic  steel,  the  requirements  for  tt  being  greit  I 
strength  with  but  little  expansion  under  the  heat  of  the  stij 
iron.  The  diameter  of  the  wire  varies  from  -020"  (No.  15  Stl 
for  small  armatures,  to  -040  (No.  19  S.VV.G.)  in  large  omut 
A  band  of  tape  or  webbing  covered  with  strips  of  th 
fastened  round  the  armature,  and  on  this  the  wire  is  w<  li 

considerable  tension  to  form  a  belt  aljout  \'  wide.     Sued  lunds'^ 
arc  pLiced  at  intervals  of  about  2'  along  the  entire  length  ol 
annalurc  (fig.  1 1 7),  and  finally  each  a  soldered  across  in 
places. 

Of  the  total  iHJwer  absorbed  by  n  dynamo  when  in  full 
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tne-lenlhs  arc  expended  in  overcoming  the  drag  which  the 
;ors  experience  as  they  move  through  the  magnetic  field- 
it  is  in  the  inductors  that   the  actual  conversion  of  the 
icrhanical   energy  delivered  to  the  shaft  into  electrical  energy 
bother  useful  or  not)  takes  place,  it  is  evidently  of  the  utmost 
portance  that  the  inductors  should  be  so  firmly  supported  on 
I  armature  that  ihey  are  positively  and  effectively  driven  through 
Mi.  magnetic  field,  without  any  possibility  of  their  slipping  round 
e  surface  of  the  core.     The  magnetic  pull  to  which  each  inductor 
a  dynamo  is  subjected  can  be  calculated  by  our  second  funda- 
.ental  equation  of  p.  66.     In  the  hi-  or  multi-polar  continuous- 
irrent  dynamo,  the  pull,  although  intermittent,  is  always  in  one 
rection,   relatively  to  the  direction   of  rotation  ;    and   this   is 
klso  the  case  with  alternators,  since  when  tiie  direction  of  field 
changed,  the  direction  of  the  current  in  the  inductor  likewise 
langes,  and  therefore  the  direction  of  the  pull  remains  the  same. 
The  pull  on  any  inductor  in  a  continuous-current  dynamo  may 
roughly  deduced  from  the  total  energy  absorbed  per  minute 
vidcd  by  the  space  moved  through  per  minute  and  by  the  number 
inductors  under  the  pole-pieces  ;   but  in  an  alternator  it   in- 
ses  and  decreases  roughly  as  the  current  rises  and  falls  in 
slue  ;  and  the  maximum  pull  to  which  each  inductor  is  subjected 
each  semi-period  is  proportional  to  the  maximum  value  of  the 
t.     Hence  the  stresses  to  which  the  inductors  of  alternators 
subjected  are  greater  tlian  in  a  continuous-current  dynamo 
viDg  the  same  output  with  the  same  linear  speed  and  same 
mber  of  inductors. 

The  driving-power  is  in  the  first  instance  transmitted  from  the 
ft  to  the  hub,  and  discs  or  band-iron  of  which  the  armature  is 
•■       d.  and  it  is  therefore  evident  that  the  armature-core  must 
I  torily  driven  from  the  shaft.     This  is  secured  when  the 
I  and  discs  are  keyed  on  to  the  shaft,  and  even  when  the  discs 
simply   strung   upon   the   spindle,    they   can   be   so   tightly 
[ueezed  up  between  the  end-[)lates  (these  being  themselves  keyed 
)  that  there  is  no  likelihood  of  any  slip.     The  transmission  of 
.•  jKjwer  from  the  core  to  the  inductors  is,  however,  a  more 
fficult  matter.     To  a  very  large  extent  this  is  effected  by  simple 
tion  ;  by  means  of  the  binding-wires  the  inductors  are  pressed 
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down  so  tightly  on  to  the  surface  of  the  armaturi.-  lii.n  .in\  slij 
them   relatively  to  the  core  would  be  opposed  l>y  a  very 
amount  of  friction.     Again,  in  small  nrmaturcs  wound  tightli 
wire,  the  grip  of  the  wires  themselves  materially  assists  in ' 
standing  the  pull  on  them,  especially  if  they  are  ring-wound,  sinq 
then  the  turns,  threaded  through  the  interior  of  the  ring,  arc  be 
in  place  by  the  arms  of  the  spider. 

But  with  larger  armatures,  especially  if  drum-wound, 
becomes  necessary  to  reinforce  the  influence  of  friction  by  soa 
more  positive  means  of  driving,  and  various  ways  have  bee 
devised  for  effecting  this.  In  many  cases  comparatively  thic 
discs  (say  i"  thick)  are  inserted  at  intervals  among  the  thin 
'  discs  of  the  core,  and  on  the  periphery  of  these  are  driving  I 
which  project  up  through  the  winding  :  several  of  these  tcclh  i 
arranged  in  parallel  line  with  insulation  on  either  side  of  the  i 
or  if  they  are  few  and  disi)ersed  over  the  surface  of  the  core  the 
are  insulated  separately  with  fibre  ;  in  either  case  the  inducto 
bed  against  them,  and  are  thus  positively  driven  througii  the  fiel^ 
(One  such  disc  is  shown  at  the  centre  of  the  rin^  armature 
fig.  113.)  In  other  cases  small  drivers  of  delta  metal  or  ollw 
metal  of  high  electrical  resistance  are  let  into  the  surface  of  ih 
core  ;  or  shallow  grooves  are  milled  longitudinally  along  the  cor 
and  into  these  are  driven  hard-wood  strips  which  stan<l  u[i  Ic 
with  the  inductors  and  serve  as  drivers.  In  drum  armatures 
end-flanges  sometimes  have  a  row  of  grooves  cast  in  them  on  the 
outer  face  ;  into  these,  when  insulated,  the  wire  of  the  end-coc 
tions  is  wound,  or  every  other  bar  is  cranked  to  fit  into  ihonT 
[so  as  in  cither  case  to  secure  positive  driving. 

A  perfect  system  of  driving  is  obtained  by  the  use  ol  tootlicd 
or  grooved  armatures,  somewhat  similar  to  the  form  originall| 
u.sed  by  Pacinotti.     As  first  constructed,  all  the  corc-diacs  o<  1 
Lan  armature  had  a  number  of  projecting  teetli,  and  liiujce ' 
[put  together  the  surface  of  the  armature  was  divided  ui  a  1 
[of  ridges  and  deeji  grooves  running  from  one  end  to  the  cA\ 
The  grooves  are  carefully  lined  with  j«per  or  calico  and 
andjn  them  the  inductor -wires  are  wound.     Unless,  howev 
width  of  the  grooves  be  narrow,  the  p.issage  of  ' 
ttclh  |):i-.l   llii-  j)ii1l's  i^  lijljlc   lo  .stt   up  cdilv  i-urreir 


A  K  MATURES 


351 


118.— Tooihfcd  core-diic. 


A  very  large  number  of  teeth  are  therefore  required  with 
correspondingly  small  slots  between  them,  and  it  became  usual  to 
mill  slots  in  the  surface  of  the  core  after  it  had  been  built  up 
(fig.  118).  A  further  axtension,  which  obviated  the  heating  of 
the  pole-pieces  by  eddy-currents,  consisted  in  drilling  a  scries  of 
boles  through  a  smooth-surface 
core  close  to  the  periphery,  and 
threading  the  wires  through  the 
holes  after  they  had  been  care- 
fully lined  with  tubes  of  insulating 
material.  In  both  cases,  how- 
ever, the  cost  of  manufacture 
becomes  considerable,  and  the 

.vantage  of  the  small  air-space 

ich  is  needed  merely  for 
tncclunieal  clearance  cannot  be 
fully  made  use  of  (except  in 
small  machines)  owing  to  the 
sjwrking  that  results.  One  advantage,  however,  still  remains,  in 
lluil  solid  inductors  can  be  used  on  a  toothed  armature  without 
any  liability  to  eddy- currents.  The  reason  of  this  lies  in  the 
fact  that  the  lines  snap  across  the  inductor  from  tooth  to 
tooth  with  such  ra|)idity  that  they  cut  the  whole  section  of 
the  inductor  practically  at  the  same  instant,'  and  the  time  during 
trhich  any  differential  E.M.F.  acts  is  thus  reduced  to  extremely 
small  limits.  In  some  drum  armatures  a  few  narrow  grooves 
about  ,'^,5"  deep  are  milled  from  end  to  end  of  the  core  ;  into 
these,  when  insulated,  arc  tightly  driven  special  driving  bars 
having  a  depth  slightly  greater  than  the  rest  of  the  inductors. 

After  the  completion  of  the  armature  winding  it  remains  to 
put  the  commutator  in  jjosition,  and  connect  up  each  ot  its 
s<  ;o  the  winding,  junction  being  made  with  the  end  of 

on.  1  and  the  beginning  of  the  next  in  succession.     In  the 

construction    of    tlie    commutator    various     modillcations    are 

>  oisp.  xvm.  |t.  414. 

*  Sec  a  i>apcr  on  •  Magncllstn  in  its  relation  to  Induced   E.M.F.   and 
(tuficnt,'  liy  Hihu  Tliomson,  rcpiinlt'd  in  thi;  EU<trual  Eni^inai;  June  21, 
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possible,  bul,  broadly  S|>eaking,  two  types  may  l/c  disiinj;!!! 
In  the  first  (fig.   iiy)  the  wedge-shaped  slips  of  copper  and  tl] 
intervening  plates  of  mica  are  held  in  place  by  a  slec%-e  or  bu 
with   a  coned   mushroom -shaped  head  and  a  coned   collar 
forced  lightly  up  against  the  segments  by  a  nut  («)  screwing 
to  the  bush.     The  latter  may  be  of  gun-metal  or  cast  iron, 
collar  and  nut  being  of  wrought  iron  or  gun-iiietaL     Compic 
insulation  between  the  segments  and  the  supporting  structure  \ 
obtained  by  the  conical  rings  (//),  which  are  turned  out  of  ha 
red  vulcanised  fibre,  and  are  backed  by  thin  shps  of  mica  cut 


I 


^^    the  required  curve  and  cemented  together.   The  nut  (»)  is  slotte 
as  showTi  at  {h\  so  as  to  permit  of  its  l)eing  lightened  up  byl 
horned  spanner.      During  this  process  the  scgnienis  are  f<>.. 
inwards  under  the  sloping  faces  at  either  end,  and  thus  bind 
one  another  like  the  stones   of  an  arch.     It   is  still,  htiwev< 
possible,  if  their  iai>er  l>e  but  slight,  that  they  may  be  driv 
inwards  and  put  out  of  truth  by  an  accidental  blow.     It  t«  be, 
therefore,  to  support  them  on   two  rings  of  fibre  (r  r)  tltreade 
over  the  body  of  the  sleeve,  care  being  taken  tliai  thev  d<>  not  U 
down  on  to  the  rings  before  they  ;irc  thorx 
alpng  their  sides.     In  order  tn   [nevcnt   the 
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the  segments  round,  a  screw  or  pin  in  the  collar  is  in  some  cases 
made  to  engage  in  a  slot  in  the  sleeve.  Finally,  to  prevent  the 
not  (n)  from  slacking  hack,  two  or  three  set  screws  (/)  are  put 
radially  through  the  nut  so  that  their  points  bite  into  the  sleeve. 

In  the  second  type  (fig.  120)  the  coned  ends  of  both  sleeve 
and  collar  are  let  into  recesses  in  the  segments.  At  both  ends  of 
the  commutator  a  circular  groove  is  turned,  into  which  a  turned 
ring  of  fibre  or  ebonite  is  fitted.     These  rings  are  cut  into  three 


Flu.  tao. -Commutator. 

Kgraents,  so  as  to  permit  of  slight  contraction,  and  themselves 
have  a  coned  surface.  As  the  metal  cones  are  driven  home  by 
KTcwing  up  tlie  nut,  they  slide  up  the  fibre  and  draw  both  fibre 
aiKl  segments  inwards  radially,  until  the  segments  jam  against 
each  other.  Between  the  inner  periphery  of  the  copper  and  the 
tiieexc  is  a  clear  air-s|»ace  :  should  any  segments  receive  a  blow, 
they  arc  prevented  from  being  driven  in  radially  by  the  support  of 
dte  circular  rings.  In  tliLs  type  of  commutator,  sleeve,  collar,  and 
nut  ^ri-  ll^.llll1v  of  gun-metal. 


L 
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In  either  form  of  com  mutator,  in  order  to  prevent  the 
twisting  round  the  shaft  it  is  secured  either  by  a  small  sunk 
under  its  head,  as  in  fig.  iig,  or  by  a  pin  (/)  driven  into  the 
which  engages  in  a  slot  in  the  sleeve,  as  in  fig.  1 20. 

It  will  be  seen  that  for  a  given  length  of  brush  working  stirfai 
commutators  of  the  first  type  are  slightly  longer  than  those  of  the 
second  type  ;  on  the  other  hand,  the  latter  cannot  be  worn  dow 
lielow  the  level  of  the  fibre  rings,  and   therefore   for  r 
diameter  their  radial  depth  of  wear  is  less  than  in  the  first  type. 
The  connections  from  the  individual  segments  to  the  sectioi 
of  the  armature  winding  are  most  commonly  made  by  thin  stri 
of  copper.     A  saw-cut  is  made  in  each  segment,  as  shown  at 
and  into  this  one  end  of  the  strip  is  soldered  ;  at  the  other,  it 
carried  up  to  the  level  of  the  ends  of  the  sections,  and  is  th 
riveted  to,  or  bent  round,  the  armature  wire,  as  in  fig.  1 20.    In  so 
cases,  cast  segments  of  fine  copper  or  gun-metal  are  used,  and  a 
projecting  lug  is  directly  cast  on  each  segment,  as  in  fig.  inj ;  i 
wires  are  then  soldered  into  a  groove  at  the  top  of  each  lug, 
such  cases  the  mica  is  extended  up  to  the  full  height  of  the  lu^ 
and  an  additional  advanLnge  claimed  for  the  construction  is  i 
[  copper  dust  worn  off  the  commutator  liy  the  brushes  cannot  be 
blown  through   the   solid  wall  formed  by  the  close-fitting   I 
On  the  other  hand,  a  ccttain  amount  of  ventilating  effect  is  I 
I  which  on  the  other  method  is  secured  by  the  rotating  bbdes 
I  copper. 

[       If  e<)ui  potential  segments  of  the  commutator  arc  to  lie 
[connected,  as  explained    in  Chapter  XI.,   the  most  <■ 
[method  is  to  string  on  ihe  shaft,  between  the  armatm. 
Lcommutator,  a  number  of  brass  or  copper  connecting  wj 
I  each  provided  with  grooved  lugs,  into  which  the  connettinjj 
I  which  p-iss  from  the  armature  to  the  segments  arc  soldered, 
[washers  are  all  insulated  frtjm  the  shaft  by  a  wooden  ilccvc,  and 
[each  is  also  insulated  from  its  neighbours  on  cither  side.     Fig.  1 
I  shows  two  such  washors,  each  with  two  lugs  for  connect! 
Itogctber  opposite  segments  in  a  4|)()le  field. 
\       For  the  insulation  between  the  separate  st^ments  of  the  com 
mutator  iTiiiTJ  is  now  nlniost  universjilly  used  in  sheets  nf  ■.'. 
of  an  inch  thick.   The  difference  of  poientul  between  nci^ui^^uuiig 
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^KigiTients  may  be  small,  inasmuch  as  it  is  only  the  potential 
^puicrated  within  the  hmits  of  one  section  of  the  winding.  When, 
however,  the  segments  pass  under  the  brushes,  sparking  is  liable 
to  occur,  and  a  small  arc  is  fonned  which  bridges  the  insulntion. 
Under  this  action  almost  every  insulating  substance,  except  mica, 
is  apt  to  char  and  become  conductive,  and  even  with  mica  insula- 
tion, if  the  thickness  be  less  that  .-,';nd  of  an  inch,  small  particles 
of  copper  may  bridge  over  two  adjoining  segments.  Air  insulation 
is  impracticable  unless  the  insulating  spaces  be  large,  as  in  the 
Opcn-coil  machines  of  Chapter  X.,  since  otherwise  they  quickly 
bec»me  choked  with  copper  dust.  In  closed-coil  machines  the 
s^ments  should  be  as  numerous  as  possible  within  reasonable 
limits,  and,  roughly  speaking,  the  volts  per  commutator  segment 


a? 
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Fig.   i»i.  -C'ro:.-*  coiitircuon  of  comtntiLalur  Mgiiienti. 

should  not  much  exceed  15  to  20,  if  the  machine  is  to  bo  durable. 
The  delicate  nature  of  the  commutator  thus  renders  it  practically 
impossible  to  build  closed-coil  machines  to  give  more  than  2,500, 
Or  at  die  outside  3,000  volts. 

Owing  to  the  absence  of  the  commutator  and   the   smaller 

number  of  coils,  the  construction  of  a  ring  or  drum  armature  for 

an    alternator  is  somewhat  simpler  than  that  of  the  analogous 

continuous-current  machine.     In  winding  the  coils  of  a  ring,  since 

the  tunis  are  numerous,  the  length  of  wire  in  a  coil  is  considerable, 

and  hence  it  is  usual  to  wind  it  on  to  two  shuttles  ;  the  coil  is 

I  in  the  middle  (p.  139),  and  one-half  is  wound  from 

e,  which  is  passed  backwards  and  forwards  through  the 

ir  of  the  ring.     The  coils  of  a  drum  armature  are  usually  of 

., ,  ...:,jnl-ir  wire  wound  on  edge  round  a  separate  former  ;  whi 
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completed,  the  central  former  is  removed,  and  the  roil  is  laid 
wise  on  the  slightly  curved  surface  of  the  armature  and  faster 
securely  in  place. 

Both  in  alternators  and  continuous-current  machines  pr 
lions  must  be  taken  to  prevent  the  oil  from  the  bearings  creepi^ 
along  the  shaft  on  to  the  commutator  or  collecting  rings  an 
destroying  the  insulation  of  the  armature  circuit.     At  either 
of  the  shaft  a  ring  is  usually  fixed,  from  the  thin  edge  of 
the  oil  is  thro«Ti  off  by  centrifugal  force. 

The  calculation  of  the  electrical   resistance  oi  an  annaturc 
from  brush  to  brush  is  made  as  follows  :  From  the  dimensions 
the  core,  the  length  of  one  inductor  and  of  one  connector 
which  it  is  joined  to  the  next  inductor  in  series  can  be  estic 
I^et  /  be  this  length  in  some  unit,  and  let  u»=the  resistance  ( 
unit  length  of  copper  wire  of  the  given  sectional  area;  then 
entire  length  of  wire  with  w^hich  the  armature  is  wound  is  t  j 
where  t  is  the  total  number  of  inductors,  and  its  resistance 
extended  out  in  series  is  tx/xcu.     If  the  armature  be  divide 
into  two  or  more  parallel  circuits,  let  q  be  the  number  of  parallel! 

then  R„=^^^ — , — ^.    Thus  in  the  bipolar  continuous-current 

r 

chine  the  resistance  of  the  armature  is  one-fourlh  of  the  resistanc 
of  the  total  length  of  wire  if  in  series  ;  and,  in  gineral,  in  the 
multipolar  continuous-current  machine,  if  the  armature  be  parallel 

wound,  q=v,  the  number  of  poles,  and  k^—  ^     -   "■      While  m 


a   ring-wound  armature  /  is  the  length  of  one  complete  loop,  in 
drum  machines  it  is  the  length  of  a  half-loop.     If  the  secttonal 
area  of  inductor  and  connei  tor  be  different,  as  is  often  the 
in  drums,  it  is  simplest  in  calculating  /  to  substitute  for  the  acti 
I  length  of  the  connector  the  equivalent  length  which  would 
(its  actual  resistance  supposing  it  to  have  ilie  same  area  as 

area  of  connector 
area  of  induciDr 
ind  /.  be  the  actual  lengths  of  inductor  and  connector  respuctivd; 

'tiicir  combined  resistance  is  (/,-f  -^  |  xw,  where  in  x»  the 

\       125/ 

,  ancc  i)er  tmit  length  of  the  inductor. 


p.  u> 

ihe~ 


[inductor  itselt  :  thus  if  the  ratio 
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high  peri(>heral  speed  is  in  many  ways  desirable,  as  reducing 
the  size  and  weight  of  a  machine  for  a  given  output  ;  but  it  must 
be  limited  by  considerations  of  mechanical  strength  and  durability, 
and  therefore  its  permissible  value  depends  largely  on  the  method 
on  which  the  armature  is  built  up.  But  apart  from  the  question 
of  the  mechanical  strength  of  the  rotating  portion,  its  perfect 
balancing  is  of  almost  equal  importance  :  with  high  speeds,  even 
a  comparatively  light  armature,  unless  accurately  balanced,  will 
set  up  such  excessive  vibration  throughout  the  whole  machine 
as  will  in  the  end  considerably  shorten  its  life.  High-speed 
armatures  are  usually  balanced  on  knife  edges  before  leaving  the 
workshop  ;  but  even  this  only  secures  a  statical  balance  when  at 
rest,  and  does  not  necessarily  imply  perfect  balance  under  rapid 
rotation.' 

^^'tth  the  ordinary  ring  or  drum  armature  driven  by  belt,  a 

penpbera]  speed  of  about  2,500  feet  per  minute  is  commonly 

found,  and  a  well-constructed  armature  of  this  type  should  certainly 

allow  of  a  speed  of  at  least  3,000  feet.     The  large  drum  armatures 

of  the  Westinghouse  alternator,  two  feet  in  diameter,  are  run  at  a 

normal  speed  of  1,030  revolutions  per  minute,  or  a  peripheral 

speed  of  nearly  6,500  feet  per  minute.    Discoidal  rings  of  coiled 

band-iron  may  be  constructed  to  permit  uf  high  peripheral  speeds, 

and  as  much  as  8,500  feet  per  minute  is  met  with  in  the  Kapp 

alternator.     In  alternators  of  the  disc  type  with  separate  bobbins 

ttipported  radially  on  a   ring,   as   in  the  Siemens  and  Ferranti 

machines,  a  peripheral  speed  of  about  5,000  feet  per  minute  is 

found. 

Tlie  relati\t;  proportion  of  the  length  i.  to  the  diameter  d  of 
umature  cores  depends  on  the  tyjje  of  machine,  and  in  each 
''■  ■  Merable  variations  are  permissible  without  transgressing 

(i.ved  by  mechanical  or  economical  considerations.  In 
bipolar  nngs  a  general  proportion  is  l=d,  or  L=r25  u  ;  but  in 
the  case  of  double-horseshoe  fields,  where  a  large  diameter  of 
fng  in  frequent,  the  length  is  often  not  more  than  half  the 
iieter.  The  diameter  of  the  internal  hole  in  the  core-discs  is 
so  chosen  that  after  allowing  for  the  internal  insulation, 
ind  deducting  the  width  of  the  supporting  arms,  the  wires  which 
Hcring't  /^Htiflts  0/  VyMamo-elettri,-  Ata</iinti,  pp.  63,  64. 
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farm  a  single  lajer  on  th-.-  .i^ipostnl  i 

two  byos  inside.  Tbb  rt£^.  Ci>='i9l 

■ppfoiimatdy.  the  pwipontoo  being  sorocwbat  larger  for  I 
rii^  arraatares. 

In  bipcAir  dnuns  the  leogth  is  nsoally  somewhat  more  I 

in  a  ting  of  the  same  diameter,  and  the  ratio  rises  to  1=175, 

even  higher.    This,  however,  in  armatares  of  large  diameter  le 
to  an  inoont^eniemly  long  sparr  of  shaft  between  the  bearinj^ : 
therefore  l  is  rednoed  to  1-25  or  1*5  Dl    The  nulial  dq^th  oft 
ts  limited  onljr  by  the  diameter  of  the  shaft,  unless  internal ) 
be  desired  for  purposes  of  viaitilation. 

Discoidal  rings  are  tuunllj  multipolar  and  of  large  dia 
in  a  4-po)e  ntachine  the  core  tuay  Imve  an  almost 
but  with  an  increased  number  of  poles,  as  in  a:.  Mr,  I 

radial  depth  of  core  is  asually  considerably  greater  than  its  1 
length. 

The  iron  of  which  the  core  is  composed  being  soft  and  hig 
permeable,  a  high  induction  is  pennissible  in  the.'!' 
irnpairing  the  efficiency  or  economy  of  excitation.  I 
the  case  with  ring  armatures,  since  in  them  a  high  induction  imp 
n  small  section  of  core  for  a  given  total  number  of  lines,  and 
correspondingly  short  length  of  wire  in  each  turn  encircling  it.  In 
rings,  therefore,  the  induction  in  the  armature  b.,  is  seldtma 
ttian  16,000,  and  may  be  taken  as  high  as  from  r  7,000  to  2C 
C.G.S.  lines  per  sq.  cm.  of  actual  iron,  allowance  being  model 
estimating  the  net  area  of  iron  for  the  space  occupied  by 
insulation  between  the  laminations.  If  the  induction  be  car 
further,  leakage  occurs  across  the  internal  opening  of  the 
and  the  loss  by  hysteresis  becomes  more  im(>oriant.  In  bi| 
drums,  owing  to  the  greater  radial  depth  of  the  core,  il»e  i 
lion  is  seldom  carried  above  n,,  =  17,000,  anti  if  the 
carried  right  down  to  the  shaft,  the  induction  may  l)e  as  tc 
=  10,000.  In  iron-cored  alternators  a  low  induction  is  usual,  1 
B^=0iOoo  is  seldom  exceeded.  Not  only  is  the 
iatcr.  owing  to  the  number  of  polus.  but  if  tli. 

iming  nuisc  which  is  produced  in  the  iron  ijcaio 
..-.,  loud. 
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FIELD-MAGNETS 

That  the  number  of  ampfere-tums  required  per  unit  length  of  iron 

order  to  produce  a  certain  induction  therein  increases  very 

lidly  as  the  induction  is  itself  increased,  is  sufficiently  shown  by 

the  magnetisation-curves  of  fig.  1 1 1.   Thus  in  the  case  of  wTought 

iron,  while   an   induction   d=  16,000  may  be  obtained  with  50 

sn)i)erc-iums  for  each  centimetre  length  of  the  circuit  in  the  iron, 

Cxequires  nearly  treble  that  number  of  amptre-turns  per  centi- 

le  length  to  obtain  the  increased  induction  of  18,000.   The  iron 

magnet  of  a  dynamo  necessarily  has  some  length,  and  the  number 

of  ampere-turns  required  to  propel  the  lines  of  induction  through 

that  length  forms  a  considerable  item  in  the  total  number  required 

•  the  whole  magnetic  circuit.     But  the  ejtcitation  of  the  lield  by 

letising  coils  implies,  not  only  a  certain   first  cost  for  the 

copper  wire  used  therein,  but  also  a  continuous  outlay  during  the 

working  of  the  machine  ;  for  clecirical  energy  is  absorbed  by  the 

pa».\age  of  the  ampl-res  through  the  turns,  so  long  as  the  machine 

uat  work.     Evidently,  therefore,  there  mu^t  be  some  approximate 

limits  within  which  it  is  economical  to  keep  the   value  of  the 

induction  in  the  iron.     If  the  induction  has  less  than  the  lower 

of  ilie  two  limiting  values,  the  iron  magnet  becomes  too  heavy 

intl  i'x|)cnsive ;  in  a  self-exciting   machine  there  is  the  further 

Ullage  tJwt  the  magnetism  may  be  unstable  (as  will  be  more 

;l.-vrly  described  in  Chapter  XVT.),  and  the  machine  may 

'.'  difficult  to  excite  at  all.     On  the  other  hand,  if  the  induc- 

ct  be  pushed  up  to  a  very  high  figure,  theampcre- 

.1  produce  it  will  bear  an  excessive  proportion  to 

Uic  whole  number,  and  will  involve  too  large  an  expenditure  cither 

in  tlie  firit  cost  of  the  copper  or  of  watt-hours  during  the  working 

i  -2. 
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of  the  machine  ;  the  result  being  that  for  the  same  total  tit 
of  lines  to  be  carried  it  would  be  more  economical  to  increase  \ 
area  of  the  iron  so  as  to  lessen  the  induction,  and  consctpic 
the  amptjre-turns  required  to  produce  it.   For  wroughl-iron  i 
the  limits  within  which  it  is  advisable  to  keep  the  induction  i 
be  set  at  b„=i2,ooo,  and  ti„=i6,soo,  a  good  intermediate  ' 
being  k„=  15,000;  while  for  cast  iron  the  limits  are  5,500 
9,000,  an  average  value  being  b„=  7,000.     Since,  when  design 
a  dynamo,  the  number  of  lines,  z,„  to  be  carried  by  the  iron^ 
the  magnet  is  approximately  known,  we  are  enabled  from 
above  considerations  to  determine  approximately  the  area  wh 
the  field-magnet  must  present  for  the  flow  of  lines. 

From  the  above  values  for  the  induction  in  cast  iron 
wrought  iron  respectively,  it  follows  that  it  is  not  found  adv 
to  magnetise  cast  iron  more  than  about  half  as  strongly  as  1 
iron  ;    and  consequently  the   relative   weights   of  cast-iron 
wrought-iron  magnets  to  carry  the  same  number  of  lines  must! 
roughly  as  2  to  i.     Where  considerations  of  weight   and 
are  paramount,  it  is  therefore  essential   to   adopt   \*  • 
forgings  out  of  which  to  build  up  the  magnet  :  tht. 
rough  state  as  they  come  from  the  steam-hammer  may  be  che 
than  castings  of  good  soft  iron,  but  when  machined  to  the  1 
dimensions  their  cost  is  so  far  increased  that  they  become  I 
expensive  per  hundredweight  tlian  cast  iron  ;  against  this  increased 
price,  however,  must  be  set  the  fact  that  a  lesser  total  weight 
required,  and  the  balance,  therefore,  remains  in  favour  of  ani) 
wrought-iron  magnets.     On  the  other  hand,  castings  of 
shape  can  l)e  produced  easily  and  cheaply,  and  of  such  ac 
dimension  that  ihcy  require  little  or  no  further  machining, 
even  if  the  form  of  magnet  be  simple,  it  is  frequently  desired  I 
the  supporting  framework  or  bedplate  of  the  dynamo,  so  as  to  ( 
a  portion  or  the  whole  of  the  magnetic  circuit,  and  such  1 
work  is  most  conveniently  made  in  one  single  ca.stiiig.     He 
for  small  belt-driven  machines  (up  to  an  output  of  aboat  5 

watts)  in  which  the  cost  of  machining  be.nrs  the  ' —   " 

the  total  cost  of  the  machine,  it  is  very  usual  to  m 

of  cast  iron,  and  to  cast  them  wholly  or  i«rtially  in  one  «nth( 


bcdpLiit 
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multipolar  dynamos  wth   numerous  magnets  and  poles, 
tspecially  if  of  Continental  manufacture  :   by  making  these  of 

St  iron,  in  two  or  more  large  pieces,  the  necessity  of  joining 
tther  a  large  number  of  wrought-iron  forgings  is  avoided. 
^  cast-iion  magnet,  therefore,  may  be  simpler  and  cheaper  to 
nufacture,  but  must  necessarily  l>e  hea\-ier  and  bulkier  than 
Eie  of  wrought  iron  ;  furthermore,  it  is  more  exjiensive  in  copper, 
exciting  energy,  or  both.  It  will  be  seen  from  fig.  in  that 
ductions  of  15,000  and  7,000  in  wrought  and  cast  iron  re- 
fpectively  are  produced  by  nearly  the  same  number  of  amptre- 
tums    per    unit   length ;    hence,    if  the   exciting  coils   on    two 

guivalcnt  round  magnet-cores  have  the  same  length,  and  are 
mposed  of  the  same  number  of  turns  of  the  same  wire,  the 
length  of  each  turn  encircling  the  cast-iron  magnet  as  compared 
(fith  that  encircling  the  wrought-iron  magnet  is  as  y  2  to  1,  that 
B,  as  I '41  to  I  :  the  weight  of  copper  used  will  therefore  be  40 
)er  cent,  more  on  ihc  cast-iron  than  on  the  wrought-iron  magnet, 
nd,  further,  the  energy  absorbed  in  the  excitation  will  be  cor- 
cspondingly  increased.  If  the  latter  is  to  be  kept  the  same  in 
J»c  two  cases,  a  further  increase  of  the  copper  wire  on  the  cast- 
n  magiiet  is  necessary  ;  while  if  the  weight  of  copper  is  to 
in  the  same  as  on  the  wrought-iron  magnet,  the  rate  of  loss 
rgy  in  the  coils  must  be  increased,  and  to  meet  this,  as  will 
seen  later,  the  length  of  the  exciting  coils,  and  consequently  the 
ih  of  the  cast-iron  magnetic  circuit,  must  be  increased.  There 
efore  a  strong  presumption  in  favour  of  wrought  iron  wherever 
nctising  coils  are  to  be  wound  ;  and,  instead  of  a  magnet  of 
I  iron  throughout,  it  is  even  more  general  to  find  a  composite 
tiet,  built  up  partly  of  cast  iron  and  partly  of  wrought  iron,  the 

R  forming  Uie  'cores'  on  which  the  magnetising  coils  are  wound. 
he  most  common  instance  of  this  is  to  be  found  in  the 
e  dynamo  of  fig.  2,  where  a  part  of  the  bedplate  forms  the 
kike,  y,  to  which  the  magnet  limbs  of  wrought  iron  are  bolted. 
kgain,  the  upper  and  lower  pole-pieces  of  the  '  Manchester'  field 
k  fig-  '*S  sre  usually  formed  of  cast  iron,  the  magnet  cores  of 
prought  iron  being  let  into  them  at  either  side.  In  both  cases  the 
■f  the  magnetic  circuits  on  which  the  exciting  coils  are 
insists  of  wrought  iron. 
the  permeability  of  cast  iron  is  much  tedviced  M  W  V>e 
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hard,  it  is  important  in  the  design  of  the  shape  of  any  casting 
avoid  introducing  into  the  magnetic  circuit  any  thin   flange  | 
narrow,  outstanding  edge  :  any  such  piece  of  small  .n 
to  chill  when  it  is  being  cast,  and  so  to  become  n  • 
hard.    Hence  all  corners  and  projections  should  be  wcU  round 
or,  if  need  be,  cast  massive,  and  subsequently  machined  to 
required  dimensions. 

For  small  machines  the  use  of  mild  cast  steel,  which  is  IwT 
little  inferior  in  permeability  to  wrought  iron,  has  been  recom- 
mended ;  but  the  difficulty  of  securing  the  exact  chemical  com- 
position   required   and    its  somewhat   high  price   have  hiiheito 
prevented  its  extensive  adoption. 

In  conclusion,  it  may  be  said   that  wrouglii  iron,  either  i 
forgings  of  best  '  hammered  scrap,'  cont.iining  little  or  no  steel, 
less  frequently  as  rolled  bars  of  Swedish  iron,  is  the  most  cotno 
material  in  use  for  dynamo  magnets. 

The  same  economical  considerations  which  determine  appr 
malely  the  sectional  area  of  iron  required  to  carry  a  given  numl 
of  lines  of  induction,  viz.  the  first  cost  of  the  copper  coils 
the  allowable  expenditure  of  energy  in  magnetising  tiiem,  will  also 
bear  upon  the  geometrical  shape  or  iigure  by  which  the  ic(]aircd 
area  is  obtained— only,  however,  in  that  portion  of  the  mognetiL' 
circuit  whereon  the  magnetising  coils  are  actually  wound.    Beyond 
the  limits  of  the  coils  it  is  immaterial  wliat  shape  the  sect 
the  iron  takes.     Since  for  a  given  area  the  circle  has  tl.. 
periphery,  it  follows  that  the  theoretically  best  section  which  ran  l< 
given  to  the  magnet  cores  where  the  field-winding  is  placed  is  the 
circle,  since  then  the  length  and  resistance  of  the  wire  for  a  givien  ^ 
number  cf  turns  embracing  a  given  sectional  area  is  a  mir 

I'or  this  reason,  in  the  'Manchester'  dynamo  (fig.  il 
in  the  multipolar  alternator  of  fig.  74,  tlic  magnet  cores,  m,  m^ 
usually  of  circular  section.     If,  however,  the  nii  ■■  -•    -res 
of  wrought  iron  and  of  circular  section,  it  is  <ii  -"S^Tl 

joint  them  into  cast-iron   pole-pieces  or  yokes,  as   in  the 
cases,  or  possibly  also  into  the  cast-iron  bedplate  at 
of  the  machine,  which  itself  forms  port  of  the  magnetic 
Especially  is  it  ncccssflry  t  "      * 

where  the  lines  pas»  tluo:. 
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reluctance  of  the  interferric  space  between  the  iron  of  the  pole 
and  the  iron  of  the  armature  core  ;  and  the  cast-iron  pole-pieces 
employed  for  tliis  purj>ose,  if  not  of  large  sectional  area,  may 
themselves  perhaps  increase  the  total  number  of  ampl-re-turns 
required  owing  to  their  being  magnetically  inferior  to  \vrought 
iron.  It  may  therefore  be  more  economical  to  give  the  magnet 
forgings  a  rectangular  sha|x?,  which  may  bo  continued  up  to  the 
armature,  and  so  admit  of  being  bored  out  to  embrace  the  core, 
as  in  the  case  of  the  single  horseshoe  magnets  of  figs,  a  and  123. 
Or,  again,  a  rectangular  or  trapezoidal  section  of  magnet  core  may 
be  arranged  to  give  the  required  polar  area  at  the  air-gap,  as  in 
the  alternators  of  ligs.  72  and  75. 

Next  to  the  circle,  the  square  must  he  ranked  as  the  most 
economical  form  of  section,  its  periphery  being  I'lj  times  that  of 
the  circle  containing  the  same  area.  Finally,  the  larger  the  ratio 
between  the  length  and  breadth  of  any  rectangular  figure,  the 
more  uneconomical  becomes  the  shape  as  regards  length  of  wire 
in  each  turn  encircling  it.  If  the  two  sides  of  the  rectangle  be  as 
1  to  I,  the  periphery  becomes  x'l  times  that  of  the  equivalent 
circle,  while  for  a  ratio  of  3  to  i  it  increases  to  v}).  If  wound, 
lliercfore,  with  the  same  number  of  turns  and  the  same  size  of 
wiie,  the  weight  of  copper  employed  will  be  increased  respectively 
20  and  30  per  cent,  above  that  of  the  circular  magnet,  and  the 
Mnce  being  similarly  increased,  the  rate  of  expenditure  of 
.i.al  energy  to  produce  the  same  exciting  power  will  likewise 
Ijc  mcreased  by  20  and  30  per  cent.  If,  therefore,  the  same 
efficiency  is  to  be  retained  in  all  cases,  the  area  of  the  increased 
length  of  copper  wire  must  also  be  increased,  making  in  all,  for  a 
ratio  of  3  to  I,  an  increase  in  the  amount  of  copper  qf  nearly  70 
per  rent.  A  larger  ratio,  therefore,  is  very  uneconomical,  and  is 
seldom  required  in  ordinary  designs. 

Having  thus  considered  the  sectional  .irea  and  shape  of  the 
magnet  cores,  the  question  of  the  length  of  the  magnet  remains  to 
be  dealt  with.  Since  the  ficldmagncts  of  connnercial  dynamos 
are  now  invariably  electro-magnets,  this  length  must  necessarily  l)e 
sucli  as  to  admit  of  Uie  requisite  magnetising  coils.  It  has  been 
said  that  the  maintenance  of  the  excited  field  during  the  working 
of  ilic  dynamo  requires  the  continuous  cxpend\\,\iie  o^  <iuc\^'j  w 
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the  magnetising  coils  at  a  certain  rate  in  •  '       :  -endifflH 

being  simply  that  due  to  the  passage  of  :.  li  •antni  I 

through  the  electrical  resistance  of  the  wire,  and  appearing  a.s  heat  I 
in  the  coils.  This  hent  rau^t  be  carried  oflf  by  radiation,  conrecica,  1 
and  conduction  in  order  to  a%'oid  such  a  rise  of  tetnpkeratureial 
the  coils  as  will  endanger  the  insulation  of  the  field  •  wdl 

this  is  secured  by  so  disposing  the  coils  that  they  j:  ijmJ 

siderable  cooling  surface  to  the  air.  As  soon  as  the  djnarao  ia 
set  to  work,  the  temperature  of  the  coils  begins  to  rise  above  ihad 
of  the  surrounding  air  :  this  gradual  rise  continues  until,  finally,  ibM 
rate  at  which  the  heat  is  gener.iied  in  the  coils  is  bal.inced  by  thel 
rate  at  which  it  is  dissipated  under  the  combined  action  of  radiationj 
convection,  and  conduction.  After  reaching  lliis  limit  thetcnipoJ 
ature  of  the  coils  remains  stationary  so  long  as  the  ■  "  •  arv 
unchanged.     The  effect  of  radiation  &c.  being  dejK  1  i!\r 

entire  cooling  surface  of  the  coils,  it  is  evident  that  the  nse  ol  thei 
temperature  of  the  coils  above  that  of  the  surrounding  air  may  be] 
kept  within  any  required  limit  by  allowing  the  due  projxirtion  o(1 
cooling  surface  for  each  watt  expended  in  the  coils.  Th' 
cooling  surface  of  a  given  coil  wound  round  an  iron  m;.^. 
depend  on  a  large  number  of  conditions,  difficult  to  calculate,  sinoa 
the  mass  of  iron  itself  helps  to  dissipate  the  heat  by  conduction,  and,! 
again,  the  depth  of  a  winding  in  many  layers  will  largely  affect  iliej 
temperature  of  the  turns  forming  the  middle  layer.  Ronghin 
speaking,  however,  the  comparative  cooling  jwwer  of  a  coil  iniM 
be  taken  as  proportional  to  its  external  surface,  reckoned  as  iba 
product  of  its  external  periphery  multiplied  by   it     '  tha 

cooling  influence  of  the  end-flanges  or  depth  of  \\  >  ,  ib^ 

Icoil  being  neglected.     Thus,  if  the  over-all  dimen.sions  of  oiKsocfc 
■coil,  as  is  shown  in  fig.  2,  are  a  width  of  14",  n  depth  of  v     — -! 
a  vertical  height  or  length  of  winding  of  9^",  the  extern:. 
l5"x9i"=42S  square  inches,  will  be  a  measure  ' 
ower,  and  this  may  in  our  present  connection  l)e  n^ 
pooling  surface.     Having  thus  decided  on  the  method  upon  wUe 
aling  surface  is  to  be  estimated,  experience  will  gn'' 
lin  ratio  which  the  cooling  surface  must  bear  to  t! 
ri-><-  of  tenijicrature  of  the  coil  is  not   tn  exceed  a 

B'g'Icd   limit,   .^riil    wi'   I'nn   tlicnrc   lit-li-friiiin-   \\^^n    frir    rv 
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complies  with  our  requirements  :  of  the  values  for  this  ratio  more 
will  be  said  in  Chapter  XVIII.  If  the  rate  in  watts  at  which  energy 
may  be  lost  in  the  field-winding  is  approximately  determined  by 
the  efficiency  required  in  the  machine,  the  length  of  the  magnet 
coils  must  be  such  as  to  provide  a  suitable  amount  of  cooling  sur- 
face per  watt  dissipated  in  them.  More  generally,  however,  the 
settlement  of  the  number  of  watts  which  may  be  regarded  as  an 
allowable  rate  of  dissipation  in  the  field-coils  will  be  a  matter  of 
compromise  between  the  efficiency  of  the  machine  and  the  first 
cost  of  the  copi)er  wire  ;  since  the  smaller  the  number  of  watts 
expended  in  the  licld-coils,  the  greater  the  weight  of  co()per  wire 
required.  Further,  the  total  number  of  ampl're-turns  required  for 
the  field  excitation  is  not  exactly  known  until  the  length  of  the 
magnetic  circuit  has  been  determined  ;  experience,  therefore, 
alone  can  furnish  guidance  for  a  first  approximation  to  the  required 
length  of  coil,  and  a  method  of  trial  and  error  must  be  resorted 
to  in  order  to  exactly  determine  the  ampere-turns  on  the  field, 
the  loss  of  energy  in  magnetising  the  field,  the  dimensions  of  the 
coils,  and  their  weight  of  copper.  When,  however,  the  designer 
has  assigned  an  adequate  length  to  those  portions  of  the  magnetic 
circuit  whereon  the  coils  are  to  be  placed,  so  as  to  provide  sufficient 
cooling  surface  for  the  watts  which  it  is  approximately  known  will 
be  expended  in  the  field,  he  will  complete  the  magnetic  circuit  in 
as  direct  a  line  as  possible  ;  since  any  length  beyond  the  minimum 
thus  required  unnecessarily  adds  to  the  reluctance,  and  is  therefore 
uneronomital  in  both  iron  and  copper. 

'n>e  most  compact  form  which  the  single  horseshoe-magnet 
can  have  is  that  in  which  it  is  bent  round  into  a  more  or  less 
circular  shajn;,  as  in  fig.  39,  the  magnet-coil  being  wound 
imtformly  all  over  its  cur>'cd  length.  The  length  of  the  magnetic 
circuit  in  the  iron  is  then  a  minimum,  and  the  form  is  both  econo- 
al  in  iron  and  light  in  weight.  It  is,  however,  expensive  to 
d,  and  it  is  therefore  customary  to  concentrate  the  winding 
into  one  or  more  straight  coils  :  these  may  be  wound  directly  on 
to  the  iron  magnet-cores,  the  wire  being  of  course  entirely  insulated 
from  the  iron  ;  but  more  often,  for  convenience  of  manufacture, 
they  are  wound  separately  on  sheet-iron  or  brass  bobbins  or 
•fi.Tincrs.'  which  are  subsequently  slipped  on  ovet  \.\ve  TOa.^t\. 
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We  thus  arrive  at  the  simple  C-shapcd  nugnct  of  •'  "ucd' 

of  two  curved  castings  screwed  together  &t  one  laccc ,  -r  ihej 

[single  coil.    The  satire  form  may  also  be  used  wilha  irroi^ht-i 
core  let  into  two  curved  cast-iron  pQle-|iieces  j  in  such  casef,< 
Uo  its  greater   permeability,  the   wrought   iron    may,  a« 
pointed  out,  be  of  considerably  less  sectional  arc;! 
iron,  and  therefore  the  length  of  each  turn  of  magiii......  -.t»l 

[  the  consetjuent  weight  of  copper  are  largely  reduced.     A  simpfc 

modification  of  this  •■• 

1^-' ^ — >^       us  to  the  peculiar  fiel. 

f  \\     of  the  unipolar  alternator  ol  I 

J    (       ,---'■*•■«.   "^     [    "\    78  and  80  ;  there  the  two  1 
""^  ■  castings   are  branched  out 

give  the  seieml  field^ 
and  the  cast-  or  wr. 
magnet-core  w  m  is 
up  tightly  between  the  two  end 
castings  by  means  of  nuts 
the  spindle.  In  general,  it : 
be  said,  whenever  wrought 
forms  a  portion  or  the  wn 
of  the  magnet,  that,  ow 
difficulty  of  forging  and  machining  complicated  shapes,  ; 
sity  of  joints  becomes  more  pressing,  and  the  coils  are 
more  numerous.  The  form  of  single  horseshocmagnct  shown  I 
fig,  a  with  wrought-iron  magnet-limbs  and  cast-iron  yoke  is 
haps  the  most  commonly  adopted  type  of  a 
the  armature  being  above  the  yoke,  it  may  1 
type'  single  horseshoe,  in  distinction  to  the  '  undertyi>c'  nu|i 
of  figs.  123  and  124.  The  advantage  in  these  latter  of 
the  armature  under  the  yoke  is  tliat  the  axis  of  rotation  is  kc| 
low,  and  the  necessity  of  high  pedestals  or  st  >  ""i^l 

two  bearings  is  obviated  ;  hence  this  form  lend  :    JminH 

I  direct  coupling  to  the  engine  crank-sha/L  Since  ibc  whole  oucIm 
1  is  usually  supported  on  \  cast-iron  bed|>lafe,  it  is  ni  ■  '^l 

magnct-]>oles  should  lie  earned  on  a  base  or  r  Cfl 

magnetic  material,  .such  as  gun-metal  or  zinc  {/i  n)  ;  tiince^| 
wise  the  magnetic  circuit  would  be  directly  closed  by  tiiPV 
Mwdnbte,  and  many  of  the  lines  of  induction  would  be  »hucta 
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across  from  pole  to  pole  through  the  bedplate,  instead  of  passing 
through  the  amiature  as  required.     The  vertical  depth  of  the  non- 
magnetic base  must,  in  fact,  be  such  as  to  avoid  excessive  leakage  of 
the  lines  into  the  bedplate,  and  should  therefore  he  roughly  propor- 
tional to  the  length  of  tlicinterferric  air-g3f>.  A  common  proportion 
is  for  the  depth  of  the  base 
to  be  about  eight  times 
the  length  of  the  single 
air-gap,  which  with   an 
armature  of    12"    dia- 
meter leads  to  a  depth 
of  from  4-5  inches. 

In  fig.  1 23  the  whole 
of  the  magnet  is  formed 
of  wrought-iron  forgings 
of  rectangular  cross- 
section  bolted  together 
al  the  top  ;  in  fig.  1 24 
the  wrought-iron  cores 
are  let  into  a  common 
cast-iron  yoke,  and  also 
ioto  the  two  cast-iron 
pole- pieces,  and  may 
therefore  themselves 
have  a  circular  section. 
The  length  of  each  of 

the  two  coils  on  the  single  horseshoe-magnets  above  describ 
varies  usually  from  1  to  i  '5  times  the  diameter  of  the  armature. 

A  further  modification  consists  in  dividing  the  single  magnet 
into  two  i><)rtions,  so  arranged  that  their  like  poles  abut  on  each 
otlicr,  and  have  a  common  polar  face  (figs.  125  and  126).  Each 
half  of  the  double  magnet  carries  half  the  total  number  of  lines 
lliat  pass  through  the  amiature,  the  right-hand  m.ignet  carrying  the 
lines  that  pass  through  the  right-hand  half  of  the  armature  core, 
and  tlic  left-hand  magnet  those  that  pass  through  the  left-hand 
half.  Both  halves  of  the  field  require,  therefore,  to  be  exactly  simi- 
Lt  '1.     'I'lie  '  Manchester  '  field  of  fig.  125  is  in  reality 

a  ,  ;icd  magncis  (like  that  of  fig.  \ii^  pXacv^iivo'^tiCrie.x^ 

each  tnagnetic  circuit  requiring  its  own  magnetis\T\s  co\\,  -w^ttcNx 


i 


Fig 


193.-  I'^nderlypc  single  horsc-sboc  with 
rectonsttlar  magnet  corci. 
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placed  on  the  yoke,  and  tliese  coils  being  wound  so  as  to  pro 
'  consequent '  poles  at  N  and  s.     In  the  same  way,  the  douhle 

magnet  of  fig.  1 26  consists 
of  two  horseshoe- magnet*, 
each  similar  to  that  of 
fig.  123,  with  two  mag- 
netising coils  on  its  liml 
but  carrying  half  the  tc 
number  of  lines  whw 
pass  through  the  armatur 
The  advantages  gaint 
by  such  3-pole  doubh 
magnets  are  comple 
symmetry  of  the  field,  an 
in  certain  cases  avoidano 
of  the  necessity  for  massif 
and  heavy  pule-picccs ; 
the  leakage  of  lines  by 
paths  other  than  th 
through  the  armature 
slightly  greater  in 
double  than  in  the  singfl 
magnet,  i)ut  approximate 
for  the  same  size  of  ar 
ture  and  the  same  to 
flow  of  lines  through 
the  cross- -■ 
of  each  u 
limb  need  be  but 
more  than  half  that  of  I 
single  magnet.  Two  sue 
equivalent  fields  may 
compared  by  meant 
figs.  126  and  i>3,  and 
.:;i!     '  ihe 

«■.  ion  in  the  I 


Fic. 


134.— ITndertypc  jtingle  honc«hoe  with 
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it  will  be  found  that  the  single  m.ignct  is  alxjut  14  times  I 
than  the  double  niaunet.  (  hie  Ov  riwin,-  i.i  •>!.•  t>ii 


•»"tl^-»ll    tt*!! 


allowable  in  the  poles  of  the  latter  on  the  line  a  b.  Against  this 
advantage,  however,  must  be  set  the  fact  that  the  exciting  power  on 
each  of  the  two  circuits  of  the  double  magnet  must  be  the  same  as 
that  on  the  single  magnet,  and  that  therefore  the  double  magnet 
is  expensive  in  copper.  If  the  magnet-cores  of  the  two  dynamos 
to  l>e  compared  are  lx)th  circular  (as  in  figs.  125  and  123),  and  if 
(neglecting  any  effect  due  to  increased  leakage  of  lines)  the  area  of 
each  core  in  the  double  magnet  is  half  that  of  the  single  magnet,  the 
length  of  wire  required  by  the  double  magnet  will  stand  tothe  length 
of  wire  required  by  the  single  magnet  in  the  ratio  of  2  ;  y/  2,  or  1  '41 
io  I  ]  an  increase  of  40  per  cent,  in  the  weight  of  copper.  If  the 
magnet  limbs  of  both  are  formed  of  rectangular  slabs  (as  in  figs. 


^^^ 


^^^ 


Vui.  ij6.— Double  hoTMshoe  a- pole  field. 

ia6  and  123),  and  the  two  dimensions  of  the  cross-section  are  as 
4  : 1  in  the  double  magnet,  and  4  :  2  in  the  single  magnet,  the  re- 
spective lengths  and  weights  of  wire  in  the  two  machines  are  as 
ao  :  12,  or  as  i'6fi  to  1. 

The  rate  in  watts  at  which  energy  is  dissipated  in  the  coils  of 
Uie  double  magnet  will  also  be  correspondingly  increased  by  40  per 
cent,  in  the  case  of  circular  cores  and  66  per  cent,  in  the  case  of 
the  above  rectangular  shapes,  but  it  will  still  bear  the  same 
ratio  to  the  square  inches  of  cooling  surface  of  the  coils,  and  will 
not  therefore  be  detrimental  as  regards  their  heating.  If,  however, 
ibc  same  efficiency  is  to  be  attained  in  the  two  m.ichincs,  the  weight 
of  wire  must  further  be  increased  :  this  may,  however,  again  be 
followed  by  a  proportionate  shortening  of  the  length  of  the  coils, 
and  a  consequent  shortening  of  the  rnagneiic  circuits,  the  net  result 
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Ijcing  that   the  double  tnagnet  may  be  light  in   weight,  btit 
expensive  in  copper,  and  must  therefore  rely  for  its  advant 
chiefly  on  its  complete  symmetry  of  field  distribution,  the  iropon 
ance  of  which  will  be  again  alluded  lo  later. 


*                       J 
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Fic.  137- — »-polc  field  with  dividci]  magnetic  cin:uitfv 

Another  form  of  divided  field  is  shown  in  fig.  1*7,  and  is  adapti 
to  flat-ring  machines  ;  the  like  poles,  which  face  each  other 
either  side  of  the  armature,  may  or  may  not  be  connected  togclh 
by  pole-pieces  arching  over  the  core,  and  in  any  case  may  l>e 

oned  as  one  polar  surfa 


The   lines  which  emar 
from  one  such  joint  poti 
surface  and  |>ass  in  lo  tl 
armature  core  are  divid 
into  two   groups,   one 
cither  side  of  tlie  anoat 
the  circuit  of  each 
requires    to    be    simtl) 
m:-  by    iu 

mn„ „    i»ils.      Sii 

the  lines  of  each  joint  pole 
ar- 


L 


KiCv  laB.— »-|">Ie  '  iK>n-clad  '  (J)'Tuino. 

pass  through  the  exciting  coils,  the  mn 
3-|X)lc  dynamo,  exactly  similar  to  thi 

In   ftL'     I  ?J\  vv(*  revert    ♦n  t  <'n^lc- h...t.,. 


1 35  and  1 31 
';:umo.     In  tb] 


FIELD  MAGNETS 


the  yoke  is  divided,  and  passes  ahove  and  below  the  armature  if 
the  poles  are  horizontal,  or  on  either  side  if  the  machine  is  turned 
so  thai  the  poles  are  vertically  above  and  below  the  armature.     It 


Fro.  Tj^.— 4  |>ole  rfyn.nmo. 

en  called  an  '  iron-clad'  dynamo,  since  the  field-magnet  in- 
the  magnetising  coils.     From  it  it  is  easy  to  derive  the  4- 
pole  form  shown  in  fig.  129  :  this  type  is  frequently  made  of  two 


fc^<xx<^^<^ 


^^^^x^^xS^ 


-4-p^jIc  ficlj  wilh  two  single  hors^^hocs. 


castings  bolted  together,  the  lower  magnets,  lower  half  of  the  yoke- 
,  and  liedplate  being  cast  in  one,  while  the  upper  magnets  and 
■  h.iirof  thi-  vol.e  ring  form  the  second  casting.     A  wrought- 
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iron  magnet-core  may  also  be  used,  fastcntd  un  to  the  )okc n 
by  screws,  and  fitted  with  cast-iron  pole-pieces ;  in  this  cose  I 
kcopper  of  the  field-winding  is  reduced,  and  at  the  same  time  it 
easier  to  secure  the  due  area  of  polar  surface,  although  the  cost 
machining  is  increased.  Thence  it  is  but  a  step  to  the  multipo 
forms  of  figs.  72  and  73,  the  latter  liaving  the  yoke-ring  interndi 
the  magnet-cores  projecting  radially  outwards.  1 

An  entirely  different  tyjje  of  4-pole  field  with  only  two  hor 
shoes  is  shown  in  fig.  130  ;  it  is  usually  constructed  of  wrougi 


Fig,  131.— Thury  6-pole  dyrtAiO'.', 

• 

iron  slabs,  the  magnets  being  laid  horizontally  on  ihcir  sides,  a 
supported  bygun-metalbracketsat  a  suitable  height  above  a  coram 
bedplate.     The  paths  of  the  lines  are  shown  dotted.     It  will 
seen  that  the  group  of  lines  issuing  from  one  pole  divides,  pan 
turning  at  once  through  the  annature  core  to  thi- i       ''  ;> 

of  the  same  magnet,  and  i)art  passing  through  li  .1 

a  pole  of  the  second  magnet. 

The  principle  of  the  divided  magnetic  circuit  is  often 
duced  in  multipolar  fields  ;  thus  fig.  131  show.s  a  6-pole  d« 
Lwhich  may  be  evolved  out  of  thf  2-pole  dynamo  of  <• 
ifrom  fig.  117  may  be  oolved  fias,  tj  .ind   i\i.     1 
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g.  131,  which  is  identified  with  the  name  of  Thury,  is 
ised  of  wTOught-iron  slabs  bolted  to  wrought-iron  pole-pieces, 
id  is  therefore  light  in  weight  but  expensive  to  manufacture.  In 
74  and  132,  as  in  fig.  1 27,  the  cast-iron  yoke-rings  form  at  the 
time  the  supporting  framework  of  the  machine.  In  all  such 
ictees  of  divided  magnetic  circuits,  where  the  lines  of  induction  of 
each  pole  are  divided  before  passing  through  the  magnetising 
coils,  the  weight  of  copper  on  the  field  must  necessarily  be  more 
than  in  machines  where  the  coils  are  wound  on  the  poles  them- 
selves. 

That  the  field-magnet  and  armature  core  of  any  dynamo  should 
form  approxitnately  a  closed  magnetic  circuit,  only  broken  by  the 


Pla.  ■)>.— 4-(iote  dyiiamo  with  divirled  m-i^netic  circuit. 

twii  intcrferric  air-gaps,  has  already  been  stated  at  the  end  of 

Chap,  III.,  and  only  needs  to  be  again  enforced  in  our  present 

ouniext.     The  aim  of  the  dynamo-designer  being  to  produce  a 

(WmI  magnetic  circuit,  economical  in  its  manufacture  and  in  its 

■•  the  requirements  which    he   has   to   consider   may   be 

■  i  up  under  the   heads  of  compactness  and   mechanical 

•trength,  suitable  proportion  of  the  areas  of  cross-section  at  diffe- 

parts  of  the  circuit,  small 'proportion  of  the  leakage  relatively 

le  useful  lines,  and  lastly  symmetrical  distribution  of  the  field  ; 

'*Mlc,  in  certain  s(>ecial  cases,  lightness  of  weight  may  become  of 

importance. 
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How  far  the  requirement  of  compactness  l^>  met  in  tiit 
designs    of  field-magnets   will   be  e\-ident    from    the   pre 
figures  ;  in  older  designs,  originated  when  the  principles 
magnetic  circuit  were  not  so  fully  understood  as  now,  long  col« 
nar  magnets  were  frequently  adopted,  and  great  use  was  mad 
divided  magnetic  circuils   with   consequent   {»oles.     V 
however,  has  shown  that  the  simple  U-shaped  magnci 
paratively  short  limbs  of  massive  size  stands  pre-eminent  in 
of  simplicity,  economy,  and  compactness,  while  the  doublc-i 
fields  of  figs.   125-127    occupy  more   room,  and   require 
winding  and  more  copper.     For  very  large  outputs  or  for  altc 
tors  it  becomes  necessary  to  adopt  a  multipolar  field  ;  bat 
the  simple  forms  of  figs.  129,  72,  and  73,  which  can  be  i 
out  of  the  single  horseshoe,  must  be  given  the  preference  on 
score  of  economy. 

As  regards  mechanical  strength,  it  must  be  remcmlfctc*! 
that  between  the  armature  core  and  the  polar  surfaces  of  the 
magnet  a  xery  considerable  attractive  force  acts  ;  the  magnet 
requires,  therefore,  to  be  rigidly  and  firmly  supponed,  so  a*  lo 
preserve  the  requisite  clearance  and  avoid  any  liability  of  ihc 
poles  to  collapse  upon  the  armature.  The  attractive  force  actii^ 
between  each  square  ccniimetre  of  a  pair  of  divided  sur';'  -  " 
proportional  to  the  square  of  the  number  of  lines  th.at  [klss  ; ! 
from  one  suifaoe  to  the  other,  i.e.  to  the  square  of  the  in. 
in  the  gap  it^  ;  and  for  a  field  of  lines  uniformly  distributed  • 
area  of  k  square  centimetres  the  total  pull '  in  pounds  between  j 


two  surfaces  is  p  —, 


B»A 


^        f 
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acting 
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the  direction  of  the  lines,  and  lending  to  shorter*  their  length, 
pull  of  this  nature  exists,  for  example,  Itetween  each  half  of 
annature  and  tlie  opposite  pole-face  in  the  dynamo  of  tio;.  3. 
has  to  be  withstood  by  tlii-  niecli.inic.il  rigidity  ol  1 
whole.     Again,  in  the  discoidal  m.ichineof  tig.  74  • 
magnet  frames  with  its  iiumeroui*  (xiles  experiences  a  direcc 

'  Thi«  tquntion  U  strictly  .ipplicatilc  only  when  1' 
luge  05  c'imp.ircH  with  the  [^np  lictwecn  Ihem,  so  ll 
Kip   is  il   i«,   liowevrr,   auffifienUf  aec»l»lr  IM  ] 

ori1iiia>\  '  alculationn, 
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ng  to  draw  it  up  against  the  rotating  armature  ;  the  two 
Ice-rings  with  their  poles  must  therefore  be  held  down  at  the 
aired  distance  apart,  the  armature  being  situated  exactly 
iway  Ijctwcen  them.  So  long  as  the  armature  is  central,  and 
the  flow  of  lines  into  the  one  side  of  the  core  is  similar  to  the 
into  the  opposite  side,  the  pull  on  the  one  side  of  it  is  precisely 
iced  by  the  pull  on  the  other.  Hence  any  difference  between 
I  strength  of  the  fields  on  either  side  of  the  armature  must  be 
tided,  since  it  would  produce  an  unbalanced  end-thrust  on  the 
aturc.  Provided  the  two  sets  of  fields  are  alike,  there  is  no 
Jency  for  the  magnet  frames  to  move  as  a  whole  ;  but  should 
shift,  owing  to  mechanical  vibration  while  the  machine  is  run- 
g,  the  air-gaps  will  be  increased  on  the  one  side  and  reduced 
I  the  other  side  ;  the  fields  will  be  correspondingly  reduced  and 
reased,  and  the  result  is  that  for  a  very  small  displacement  an 
unbalanced  pull  of  considerable  magnitude  is  set  up,  tending  to 
further  displace  the  magnet  frames.  Again,  in  the  multipolar 
machine  of  fig.  75  the  two  sets  of  magnets  are  attracted 
^ards  towards  each  other,  and  must  therefore  be  kept  mechani- 
ly  apart  in  order  to  retain  the  due  (-learance  on  cither  side  of 
I  armature.  Apart,  however,  from  any  magnetic  reasons,  since 
I  field-magnets  form  part  of  the  supi»rting  framework  of  most 
rhmcs,  the  whole  structure  must  be  sufficiently  rigid  to  with- 
nd  any  met  hanical  stresses  or  vibration  due  to  the  working  of  the 
:>inc,  and  all  jointed  surfaces  must  therefore  be  securely  bolted 
crcwcd  together.  Absence  or  fewness  of  joints  in  the  magnetic 
jit  has  also  been  frequently  regarded  as  desirable  from  magnetic 
ns,  and  it  is  therefore  necessary  to  consider  shortly  what  is  the 
effect  of  a  joint  on  the  magnetic  reluctance  of  an  entire 
lit. 

a  bar  of  iron  be  divided  transversely  in  two,  and  the  two 

CCS  lie  then  placed  in  contact  and  magnetised,  it  is  found  that 

[total  reluctance  of  the  iron  is  slighdy  increased  owing  to  the 

sec  of  the  joint,  and  this  increase  in  the  reluctance  may  be 

\  as  that  of  an  air-gap  equal  in  area  to  the  cross-section 

He  iron,  and  having  a  certain  width  depending  on  the  exact 

lilions  of  the  experiment.     If  the  two  surfaces  of  contact  are 

as  arc  produced  by  ordinary  planing  or  other  machine-tools, 
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and  the  joint  may  be  regarded  thercfr)re  as,  coin[)amtivt-ly 
ing,  rough,  the  width  of  the  equivalent  air-gap  is  cijual  to  i 
0005  cm.,  which  is  only  reduced  to  0004  cm.  when  the 
pieces  are  squeezed  together  under  a  verj-  considcralile  pr 
If,  however,  the  two  surfaces  are  carefully  scraped  up,  so  that  1 
are  true  planes,  the  equivalent  width  may  be  taken  as  0*0035 ' 
when  the  joint  is  not  conipres.sed,  although  under  the  influe 
of  considerable  compression  the  effect  of  the  joint  may  be 
almost  entirely  to  disappear.  It  would  seem  that  the  inc 
reluctance  due  to  a  joint  is  in  either  case  due  partly  to 
interposition  of  a  thin  film  of  air  between  the  surfaces,  and 
to  an  alteration  in  the  molecular  structure  of  the  iron  at  the  jok 
which  decreases  its  permeability.'  It  will  Ije  seen,  however, 
the  effect  even  of  a  comparatively  rough  joint,  althoi 
ciable,  is  not  of  great  magnitude,  and  is  especially  ii 
in  the  case  of  the  magnetic  circuits  of  dynamos,  which  ne 
have  air-gaps  beside  which  the  equivalent  air-gaps  of  joints- 
be  regarded  as  negligible.  The  conclusion  to  be  drawn 
it  is  not  worth  while  to  use  forgings  of  complicated  shaj 
therefore  expensive  to  manufacture,  in  order  to  avoid  jc 
wrought- iron  magnets,  nor  is  it  worth  while  to  spend  time 
labour  in  carefully  facing  or  scraping  up  any  joints  which 
decided  to  introduce  into  the  design  of  a  field  magnet.  Abscf 
or  fewness  of  joints  in  a  m.ignctic  cirruit  must  therefore  be  re^r 
as  a  minor  consideration  from  an  eleclncal  point  of  view,  ami 
only  of  importance  as  bearing  on  the  mechanical  strength  of  the 
design,  and  as  lessening  the  lirst  cost  of  the  machine  to  (he 
manufacturer. 

The  question  of  joints  where  different  portions  of  a  magnet, 
possibly  one  of  wrought  iron  and  the  other  of  cast  iron,  are  1 
leads   us   naturally  10   the  third   question — of  the  suitali 
portioning  of  the  sectional  areas  at  different  jarts    ■ 

circuit.     It  is  highly  important  that  the  lines  of  in   u 

never  be  '  throttled,'  as  it  is  termed,  by  having  to  tmrene  is 
course  of  their  path  a  p<jrtion  which  is  of  iri     " 
such  '  ihrotding '  implies  a  high  induction,.;; 
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number  of  ampl*re-tunis  required  for  each  inch  in  length  of  the 
contracted  [loriion.  If  tlie  disproportion  between  the  areas  at 
ilifTercnt  parts  of  the  magnetic  path  be  carried  to  excess,  the 
ampere-turns  required  to  induce  the  lines  through  the  area  of  the 
rwrrnwest  part  may  form  so  large  a  proportion  of  the  whole 
number  as  almost  to  nullify  the  advantage  of  the  larger  section  at 
other  parts.  Roughly  speaking,  in  magnets  composed  throughout 
of  iron  of  the  same  quality  the  area  of  section  should  be  identical 
at  all  parts  of  the  circuit  which  carry  approximately  the  same 
t<'il2l  numl>er  of  lines.  Thus,  for  example,  in  the  wrought-iron 
t  of  fig.  123,  a  reduction  of  section  is  only  allowable 
-i  ...^  pole-pieces  after  a  certain  i>roportion  of  the  lines  have 
already  pa-sscd  into  the  armature  ;  even  then  the  sectional  area  of 
the  pole-piece  at  ^niust  be  quite  ample  enough  to  carry  half  the  total 
tjumbex  of  lines,  since  otherwise  their  path  to  the  lower  half  of  the 
armature  would  bethrottled.'  When,  however,  wecompare  the  single 
magnet  with  the  double  magnets  of  figs.  125  and  126,  it  will  be 
seen  that  the  area  of  the  pole-pieces  at  c  may  be  very  much  thinned 
down  ;  in  fact,  if  consistent  with  mechanical  strength,  the  two 
horseshoes  may  even  be  separated  along  the  line  a  6,  and  made 
to  merely  abut  on  each  other  over  an  area  of  very  small  depth  ; 
no  lines  need  pass  through  the  joint,  since  each  magnet  will 
icparatcly  feed  its  own  half  of  the  armature  with  lines. 

Next,  when  the  lines  pass  from  one  material  into  another,  as 

from  wrought  iron  into  cast  iron,  or  vice  vtrsi'i,  as  in  figs.  2,  1 25,  74, 

ihe  areas  of  the  two  parts  should  be  so  proportioned  that  both 

are  -worked  at  a  suitable  induction  ;  hence  it  follows  from  p.  260 

that  the  area  of  the  cast-iron  should  be  almost  double  that  of 

the  wrought-iron  |>ortion.     Further,  the  nature  of  the  joint  should 

ch  as  to  give  ample  area  of  contact,  and  afford  an  ea.sy 

I-  from  the  one  metal  into  the  other :  this  is  secured  in  the 

■•>  of  fig.   125  by  sinking  the  magnet-eores  into  accurately 

;  holes  in  the  cast-iron  yokes,  and  drawing  the  two  firmly 

x-r  by  screws.     So  also,   in   the   dynamo  of  fig.  74,   the 

'  II  will  ippeir  subsequently  from  Chap.   XVII.  that  the  section  aciou 
" — ^-'V  nf  the  pulepiecc  in  Ihc  single  horseshoe  magnet  should  have  an  area 
■  ijf  cajryitiK  more  even  than  half  the  total  numlwr  of  lines  withoiii  any 
U  to  BKunitiun. 
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be  kgtliuiate  ;  cspeciallj  b  this  the  case  with  ihui^c  p. 
the  magwtir  dicuit  wbidi  are  actually  encircled  by  the 
iang  coils.    It  has  beea  stated  that  :'  in  an 
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ijM  length  of  each  turn  of  the  copper  wire,  and  cons 

its  resistance  and  wci^"^"      -'       -    '        ' 

sidcration  applies  to  : 

Bcld  amjitrrc-turns  are  woiuid.     On  the  other  hand,  portMHts  \ 

the  nugnctic  circuit  which  are  not  overwound  with  co; 

cially  if  of  cast  iron,  which  is  cornparatively  inexpensivL 

k-    ' 

«■'■  .       . 

187,  it  is  economical  to  keep  the  induction  »n  the 
fairly  high  figure  \  the  crcHS-ar«a  of  the  cast-iron 
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Sen  be  M  least  equal  to  that  of  the  magnet  ;  the  induction 

Ived,  iince  the  lines  divide  after  parsing  ll»roiigh  each 

half  only  passing  in  either  direction  round  to  the  next  pole: 

>wevcr.  the  material  of  the  yoke  is  cast  iron,  and  in  this  part 

strength   and  solidity  to  tht;   whole   structure,   it    may  be 

lomical  to  even  enlarge  its  area  to  more  than  ccjualilv  with  the 

of  ilie  wrought  iron,  so  as  lo  further  lessen  the  induction  and 

it  the  amptre-tums  on  the  field.     In  many  other  cases  the 

pieces,  not  being  surrounded  by  wire,  may  advan- 

:  comparatively  large  area. 

In  all  calculations  for  the  purpose  oi  determining  the  proper 

for  any  portion  of  the  magnet,  the  question  of  leakage  lines 

not  be  left  out  of  sight  when  esii- 

H-  induction.      As  was  jx)inted 

ii>.  III.,  lines  of  induction  will 

between  any  two  points  or  surfaces 

which  there  exists  a  difference  of 

potential,  and  consequently,  in 

dynatnos,    there    is    a    considerable 

dljcr  of  lines  that  leak  across  from  one 

|Ie  to  another  without  passing  through 

mature    core,    where    alone   their 

would  be  of  use.     Thus,  in  the 

ole  djiunios  of  figs,  i  and  125,  lines 

leak  across  from  one  pnle-piece   to 

other,  from  one  magnet  liml)  to  the 

rr,  and  even  from  one  part  to  another 

,of  the  same  limb  :  a  few  of  these 

arc  traced  out  in  figs.  133  and  134. 

sence  of  Uif.se   leakage   lines   in 

shown  in  a  dlsagrecnble  manner 

maiinttic  effects  which  they  produce  in  watches,  clectro- 

tic  measuring  instruments,  or  any  piece  of  iron  held  in  the 

of  an  excited  dynamo. 

Iv  'fg,   therefore,   the  area  of  iron   required   at  any 

li.  .  imagnet,  the  induction  will  be  reckoned  too  low  if 

r  those  Uncs  which  pass  through  the  armature,  and  arc  there- 

",  are  taken  into  account.      If  the  magnet  is  to  be 
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wrought-iron  cores  are  drawn  tightly  up  .ig.iinsi  the  ca! 
by  means  of  screws,  a  shoulder  on  each  wrought-iron  cor^ 
against  the  yoke-ring. 

In  applying  the  above  rules  it  must  be  borne  in  in 
'  throttling '  is  a  relative  term,  and  under  certain  circumjl 
high  induction  and  somewhat  contracted  area  of  ■  > 

be  legitimate  ;  especially  is  this  the  case  with  l         \» 'i 
the  magnetic  circuit  which  are  actually  encircled  by 
ising  coils.    It  has  been  stated  that  the  induction  in 
of  the  ring  type  may  be  given  a  high  value,  since  by  i 


K 
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the  length  of  each  turn  of  the  copjicr  wire,  and 
its  resistance  and  weight,  are  lessened,  and  precisely  ti 
sideration  applies  to  the  wrought  iron  magnet-cores  on 
field  ampere-turns  are  wound.     On  the  other  hand, 
the  magnetic  circuit  which  are  not  overwound  wtih  < 
cially  if  of  cast  iron,  which  is  comparatively  inexpensive, 
l>c  advantageously  given  somewhat  lavish  proporti 
with  a  low  induction.     Thu.s,  in  the  dynamos  ol 
1^7.  ''  's  t'  I  to  keep  the  induction  in  the 

at  a   f;iiilv  :  ;  ■  :   tin    criiss-.Trij    tif  \\\f  i\^ 
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Tesisl  equal  to  that  of  the  magnet  :  the  induction 
halved,  since  the  hnes  divide  after  passing  through  each 
!ilf  only  passing  in  either  direction  round  to  the  next  pole. 
rerer,  the  material  of  the  yoke  is  cast  iron,  and  in  this  part 
Strength  and  solidity  to  the  whole  structure,  it  may  be 
nical  to  even  enlarge  its  area  to  more  than  equality  with  the 
the  wrought  iron,  so  as  to  furliier  lessen  the  induction  and 
the  ampere-lurns  on  the  field.  In  many  other  cases  the 
Eind  pole-pieces,  not  being  surrounded  by  wire,  may  adN-an- 
sly  be  of  comparatively  large  area, 

all  calculations  for  the  purpose  ot  determining  the  proper 
r  any  portion  of  the  magnet,  the  question  of  leakage  lines 
lot  be  lef^  out  of  sight  when  esti- 
the  induction.     As  was  pointed 
Chap.   III.,  lines  of  induction  will 
etween  any  two  points  or  surfaces 

E;h  there  exists  a  difference  of 
tential,  and  consequently,  in 
>,  there  is  a  considerable 
r  of  lines  that  leak  across  from  one 
I  another  without  passing  through 
toaturc  core,  where  alone  their 
cc  would  be  of  use.  Thus,  in  the 
dynamos  of  figs.  2  and  125,  lines 
ak  across  from  one  pole- piece  to 
ber,  from  one  magnet  limb  to  the 
and  even  from  one  part  to  another 
r  the  same  limb  :  a  few  of  these 
ire  traced  out  in  figs.  133  and  134. 
[ice  of  these  leakage  lines  in 
lown  in  a  disagreeable  manner 

jnelic  elTects  which  they  produce  in  watches,  electro- 
aeasuring  instruments,  or  any  piece  of  iron  held  in  the 
m  excited  dynamo, 

jlating,    therefore,    the  area  of  iron   required   at  any 
I  field-magnet,  the  induction  will  be  reckoned  too  low  if 
lines  which  ()ass  through  the  armature,  and  are  there- 
are  taken   into  account.      If  the  magnet   is  to  be 
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balances  the  weight  of  the  armature.  We  may,  indeed,  conceive  of 
an  undcTtype  arnuture  revolving  in  mid-air  without  any  bearings, 
ior  n  being  the  unbalanced  pull  exerted  by  the  upper 

at  Generally  speaking,  however,  it  is  desirable  that 

;  fields  in  which  both  ring-  and  drum-wound  armatures  are  to  befl 
aced  should  be  symmetrically  distributed,  and  the  extreme  im-  ^ 
are  of  this  in  the  case  of  ring-wound  armatures  has  already 
I  pointed  out  in  Chap.  XI.  (p.  207).     Now  the  chief  merit  of 
Pdouble-magnet  t\-pc  of  2 -pole  dynamo  is  that  complete  sym- 
of  field-distribution  is  much  more  easily  attained ;  from 
spection  of  figs.  125  and   126,  it  is  evident  that,  provided 
nature  be  placed  concentrically  within  the  bore  of  the  pole- 
there  will  be  complete  similarity  between  the  two  halves 
fields  on  the  right  of  the  dividing  line,  a  d,  and  the  two 
on  the   left   of  that   line  ;     the   double-magnet   field   ia 
tfore  specially  suited   to   ring  armatures  of  large  diameter. 
ametry  of  field  may  also  be  accredited  to  the  single  magnet 

of  fig.  128. 

In  the  case,  however,  of  the  simple  horseshoe  magnet  especial 

^SUt  must  bo  taken  in  the  design  that  the  area  of  the  pole-piece  Ixj 

so  much  reduced  at  its  middle  or  thinnest  part  as  to  throttle 

and  cause  the  majority  of  them  to  take  the  shortest  path 

gh  the  armature  by  passing  through  that  lialf  which  is  nearest  la 

ke.    The  area  of  the  pole-pieces  must  be  well  maintained  up 

tfurthest  extremities, so  that,  as  the  lines  gradually  filter  out 

:  annature,  the  reduced  density  of  those  that  remain  lt:iuien« 

mcc  and  compensates  for  the  greater  length  of  H:.  r    ''i 

'follow,  ^adtg^i'^  careful  shaping  of  the  p"!' 

a  uniform  di.stribuuon  of  hui.<>  iw 

r  and  tiic  armature  t-wre.   ii 
kin  order  to  cqualJM:  the  rclm  J. 
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them  al  their  further  ends  (^,  f.^,  fig.    135),  the  plai.<;  "<   1 
tensions  at  the  ends  of  the  polar  surface  nearer   the  yoke  liciii 
taken  by  cast-iron  '  horns,'  r,  f„  screwed  on  to  tlic  wrought  iron  ; 
the  inferior  perm.eability  of  the  cast  iron  then  makes  the 
through  the  half  of  the  armature  nearer  the  yoke  present  cqii 
reluctance  to  that  of  the  path  farther  from  the  yoke.' 

The   same   principles  may  easily  be  extended  to  multipob 
fields.     If  a  dividing  line  be  taken  through  the  centres  of  uny 
of  fields,  the  distribution  of  the  fields  on  the  one  side  of  the  lir 
should  be  symmetrical  with  those  on  the  opposite  side.     The  di) 
tribution  of  the  fields  in  the  magnetic  systems  of  figs.  1 29  and  i  ji 
being  multifwilar  offshoots  from  those  of  figs.  128  and  126,  will 
perfectly  symmetrical  provided  that  the  armature  be  exactly  cent 
but  as  the  bearings  of  the  armature-shaft  wear  and  allow  the  ro 
to  sink  slightly,  the  air-gaps  at  the  lower  poles  will  be  shortentii 
and  those  at  the  upjier  poles  lengthened,  thus  producing,  on  ihc 
whole,  stronger  fields  in  the  lower  half  than  in  the  upper  half.   '11 
mechanical  result  will  lie  an  increasing  pressure  on  the  hearing 
but  there  is  a  further  electrical  result  which  is  even  more  impor 
ant.     In  the  case  of  all  jiarallel-wound  armatures,  whether  rin^i 
drum,  the  inductors  which  at  any  time  form  the  lower  parallels  1 
the  winding  will  continually  produce  a  slightly  higher  E.M.F.  th 
those  which  form  the  u])per  parallels  ;  the  result  is  that  an 
balanced  E.M.F.  acts  through  the  resistance  either  of  the  cntii 
winding  in  series,  or  of  certain  of  the  parallel-s  as  joined  togetJ 
by  the  wires  connecting  together  sets  of  brushes  ;  on  open  1 
this  produces  large  local  currents,  and  conse<iuent  waste    " 
while  on  closed  circuit  the  currents  are  unequally   -1 
among  the  different  parallels,  which  likewise  reduces  the  ctilicseni^ 
of  the  machine.     This  detrimental  action  in  large  multipobr  ficM 
having  ring  or  drum  armatures  with  radial  poles  either  inside 
outside  the  armature  only  applies  to  the  drum  winding  when  I 
forms  more  than  two  parallels,  and  is  entirely  removed  if  the  drni 
armature  be  series-wound  to  form  only  two  parallels,  .since  then 
the  zigwg  winding  passes  continuously  round  in  series  bora  ibe 
weaker  poles  to  the  stronger  pole*  (p.  210), 


Sec  E>ii'>n,  fnumalini/.  Rk^.  E*g.  vol.  xix.  Na  Sf,  t*  (S7. 


FIELD-MAGNETS 


285 


When,  however,  we  pass  to  the  multipolar  form  of  fig.  132, 
rith  flat-ring  armature,  no  such  objection  can  be  raised,  even 
liough  the  armature  is  ring-wound  and  in  several  parallels ;  the 
rmature  may  sink  relatively  to  the  fields  as  wear  takes  place  in 
!ie  bearings,  but  the  effect  of  such  decentralisation  on  the  voltage 
f  the  parallels  will  be  practically  n^ligible. 
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CHAPTER   XV 

THE   AMPfeRE-TURNS   OF  THE    FIELD 

In  our  previous  equations  for  the  internal  E.M.F.  induced  in 
armature,  one  of  the  three  determining  factors  has  been  z„  or  i 
number  of  lines  of  induction  which  enter  into  the  armaturc-c<K?" 
from  one  pole  or  leave  the  core  to  pass  into  another  pole.     Wft 
have  now  to  determine  the  ampfere-turns  of  exciting  power  whi| 
must  be  be  placed  on  the  magnet  in  order  to  produce  z^  lines  I 
that  part  of  the  magnetic  circuit  where  they  are  required,  vit.< 
the  armature,  so  that  they  may  be  cut  by  the  inductors.     'Il 
actual   process   has  been  already  illustrated  in  Chap.  III., 
consists  in  the  subdivision  of  the  entire  magnetic  circuit  into ) 
lengths  as  may  be  considered  to  be  of  the  same  sectional 
and   permeability,  and  to  carry  the  same  number  of  lines, 
calculation  of  the  magnetic  differences  of  potential  required  to 
drive  the  lines  through  each  of  these  lengths,  and  their  subsequent 
summation  as  one  magnetomotive  force.    In  nearly  all  cases,  any 
magnetic  circuit  in  adynamo  may  be  divided  into  the  ihri  ■ 
parts  :  ( 1 )  the  air-gaps,  (2)  the  iron  of  the  armature,  (j) 
the  field-magnet  ;  the  latter  may  further  require  to  be  sulxliviC 
into  two  parts,  \'n.  (a)  the  magnet-cores  or  limbs,  and  (b) 
yoke,  and  in  some  caNCs,  where  the  pole-pieces  differ  much  in  ad 
and  (jualiiy  from  the   rest   of  the   magnet,  a   third   sAilxlivb 
becomes  necessary,  viz.  (c)  the  [lole-pieccs.     The  subscript  k 
jf,  a,  m,y,  and/>,  will  in  future  be  used  to  denote  these 
parts.  Owing  to  leakage  the  total  flux  of  lines  will  vary  in  d 
]>arts  of  the  circuit,  but.  as  explained  in  Chapter  III.,  on  the 
position  of  the  Icakiigc  path.s  being  all  in(Kirallel« 
and  ail-gaps,  it  will  siinic-  to  idiisicli-r  /     Iin<-s  n- 
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the  annature,  and  a  larger  number,  z„,  as  flowing  through  the 
magnet. 

From  the  ring  experiments  described  in  Chaps.  III.  and  XII 
it  was  shown  that  to  produce  a  given  induction,  b,  in  any  material 
in  a  definite  physical  state,  a  certain  magnetising  force,  h,  was 
required.  The  'magnetising  force,'  h,  is,  in  fact,  the  'difTerence 
of  magnetic  potential '  which  must  exist  between  opposite  faces  of 
X  centimetre  cube  of  the  substance  in  question,  in  order  that  b 
lines  may  flow  through  it. 

If  z  lines  flow  through  a  portion  of  a  magnetic  circuit,  having 

a  total  area  of  cross-section  of  a  square  centimetres  normal  to  their 

fjath,  the  value  which  h  must  have  is  entirely  independent  of  the 

total  flow  of  lines,  and  is  solely  determined  by  their  density  per 

z 
square  centimetre,  or  the  induction  b  =-  ;  that  is  to  say,  whatever 

be  the  total  area  normal  to  the  flow,  if  a  diffiirence  of  magnetic 
:  icntial,  H,  be  maintained  between  two  surfaces  one  centimetre 
.  ,  .1;,  II  lines  will  flow  through  each  square  centimetre  of  the 
cross- section.  Each  centimetre  length  of  the  substance,  therefore, 
requires  a  specific  diflerenee  of  magnetic  potential,  h  (dependent 
on  b),  to  be  maintained  between  its  ends,  and  if  the  same  induction, 
M,  be  continued  over  a  |iortion  whose  length  is  /  centimetres,  the 
tot.^l  fall  of  magnetic  potential  between  opix>site  fiices  of  the 
Min  will  be  11  x  /,  and  that  difltren<;e  of  potential  maintained 
uiiwten  its  ends  will  cause  a  total  flow  of  z=Brt  lines  through  it. 

ckoiung,  therefore,  the   lengths  of  the   three  portions  of  the  I 
maj^netic  circuit  in  centimetres,  and  /„  being  the  length  of  a  single 
air-Haj),  we  may  express  the  fundamental  e(|uation  for  the  ordinary 
l)i|«.>lar  dynamo  with  its  two  air-gaps,  one  on  either  side  of  thej 
iron  armature,  in  the  following  form  : — 

Total  M.M.F.  =  n,/^+i[ja/,-fH,/„ 

'Kuctf  ii„,  ii„,  and  H„  are  the  magnetising  forces  required  to  pro- 

Idaoe  B„,  i»„,  ii„  in  the  armature,  air-gap,  and  field-magnet  respec- 

|tJVciy.     Now  II  has  been  shown  to  lie  simply  a  function  of  the 

indui  tion,  so  that  the  equation  may  equally  well  be  written — 


.+/n.  ■.    V^/(n. 


4  n  C-     i-*  I  /»,-i  *^i\y 


And  finsDjr.  sxke  it=  - , 

B^M.;../{JJ.-.^/(i;)..,,ve-J 
• 


L 


Nowcnnncs  of  magnetisaHon,  such  as  fig.  iit,  are  atrT»«^i«ti ' 
togedxT  uwmpooding  values  of  b  and  h  f< 
'sofasuacca.    Having  ralmhted,  therefore,  the  different  ...  . 
B^  a^  1^  for  a  gi««n  valoe  of  z^  all  that  is  necessary  is  to  look  oot  | 
in  the  nagnetisation-airrc  of  the  substance  in  qu'  ;«>■ 

tknlar  value  wlndi  b  now  has  in  it,  and  then  to  tl.  the 

9cak  of  ahscissa:  the  cnne^wnding  particular  \-nIue  which  it  muS  | 
bavc  fof  that  induction :  this  value  can  then  be  substituted  far] 
tbe  apecific  H  in  the  above  equation. 

So  £u  we  have  deak  with  C-G.S.  units  of  magneto  motive 
^^fbrce,  their  number  being  equal  to  1356  times  the  amp^rt-tums , 
^Bbut  for  our  immediate  purpose  we  require  an  equation  expres(ed| 
Bdiiectly  in  anpife-tums  of  exciting  power  (x),  or 

where,  as  before,  the  three  light-hand  terms  are  the 
powers  required  respectively  by  the  armature,  air-gaps,  and  Gdd4 
magnet.     The  magneto-iaotive-forcc  equation  will  require  to 
divided  throughout  by  1  '256  in   order  to  express  it  in   amii 
I  turns  ;  but  since  the  values  of  11  in  the  curves  of  maj,i 

[were  originally  derived   from   a   measured   number  oi   , 

[turns  per  centimetre  lengtli,  it  is  still  simpler  to   Jihow  on 
ihon  ■      >.is  of  abscissa  3   scale  of  amp^re-t: 

tin:c  1  (as  wellasa  scale  of  ii  m  C.d.S.  uni: 

[read  off  the   exciting  power  rojuircd  per  centimetre  k-njiUi 
[produce  a  flow  of  b  lines  per  square  centimetre.     This  has 
[done  in  the  upper  of  the  two  horizontal  .scales  of  fig.  1 1 1,  whcnc 
I  therefore,  we  can  read         '  lunctioo  of  I 

I  induction  takes  when  e  r 


I  We  thus  obtain 


THE  AMPkRE-TURNS  OF  THE  FIELD 


It  may  here  be  objected  that  no  cun'e  of  magnetisation  appro- 
prute  to  the  air-gaps  of  the  dynamo  has  been  given,  and  that 
therefore/'  (b^)  cannot  be  at  present  determined.  When,  however, 
it  is  remembered  that  the  permeability  of  air  is  strictly  constant, 
oc,  in  other  words,  that  the  exciting  power  required  per  cm.  length 
f>i  i>ath  in  the  air  is  directly  proportional  to  the  induction,  it  is 
o  ident  that  the  curve  of  magnetisation  of  air  would  be  simply  a 
straight  line  inclined  at  a  certain  angle  to  the  axes,  and  that  it  is 
•*- --'-rorc  unnecessary  to  plot  it.  As  stated  in  Chap.  III.,  the  per- 
ility  of  air  on  the  C.G.S.  system=i,  so  that  to  produce  an 

'      =8    of 


induction  of  one  line  per  square  cm.  in  air  requires 


•256 


an  ampere-turn,  and  to  produce  any  other  induction  b,  requires 
•8  X  B,  amix;re-turns  per  cm.  length.  The  air-gap  of  a  dynamo  is 
tnadc  up  partly  of  air  and  partly  of  cotton-covered  copper  wire, 
but  since  the  permeability  of  the  latter  two  materials  is  sensibly 
the  same  as  that  of  air,  the  whole  interferric  space  between  the 
iron  of  [Mjle-piece  and  iron  of  armature  core  may  be  treated  as  a 
ip  of  air  alone.     Hence  fory"  (b^)  in  the  above  equation  we  may 


;  once  substitute  the  value  'Sb,,  and 


x,=-8b,.2/„ 


or 


•8?i.2/, 


As  hinted  on  p.  37,  in  calculating  a^  a  certain  additional  area 
must  l)e  reckoned  over  and  above  the  actual  area  of  the  polar 
face  in  order  to  allow  for  the  spreading  out  of  the  lines  in  a  fringe, 
wliich  increa.ses  the  effective  area  of  the  air-gap.  The  quantitative 
taluc  for  this  increase  will  be  discu.ssed  later. 

The  final  expression  now  obtained  for  the  total  ampfcre-turns 
of  excitation,  viz. 

may  also  be  reached  by  another  more  circuitous  route,  which 
will,  however,  serve  to  emphasise  the  principles  underlying  it. 
Since  the  product  of  the  reluctance  of  any  portion  of  a  magnetic 
ait,  and  the  total  number  of  lines  flowing  through  it,  gives  the 
(Terence  of  magnetic  potential  which  must  exist  between  its  ends, 
Ihtr  fundamental  equation  for  the  magnetic  circuit  of  a  dynamo 
may  be  cxi)ressed  as 

Total  M.M,F.=o-4ir  AT=Z4R.-|-r,R,  +  z„R^ 
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where  R„,  R„  and  R„  are  the  reluctances  of  the  armature,  air-gaf 

and  field-magnet   respectively.     These  several    reluctances 

also  be  expressed  as  the  quotients  of  their  length  in  centimetres, 

divided  by  the  product  of  their  permeability  and  area  in  sqtJ 

centimetres,  or 

I  2!  I 

o-4ir  AT=Z.  ^5.  +z,.  ""'  +z,  — -   . 

«./^i  "ifMir  «»■/*« 

But  the  number  of  lines  divided  by  the  area  through  which  thqr 

flow,   or  -.is  equal  to  b,  or  the  induction  at  that  part  ;  therefore 
a 

0-477  AT  =  B„    ^'  +  B,      '  +  B.  "  . 

Further,     =h,  and  therefore 

•47r  AT=H.  /„  +  H.a/,  +  hJ^. 

Thence,  by  the  same  stepS  as  before,  since  h  is  a  function  of 
induction,  and  in  the  case  of  air,  of  which  the  |>ermeability  fi,  14 
is  equal  to  the  induction,  we  return  to  our  previous  e<iuation- 

x=AT=-8/(Bj  .  /.  +  -8B,2/,-f8/(nJ./. 

Both  methods  of  arriving  at  this  equation  are  equally  corre 
and  their  apparent  difference  is  due  to  the  fact  that  the  former  de 
more  directly  with  magnetising  forces,  while  the  latter  starts  with 
reluctances.     Hence   the   former   is  at   once  simpler  and  more 
appropriate,  since  it  is  seldom  requisite  to  calculate  the  .ictial 
reluctance  of  any  [jortion  of  the  magnetic  circuit  of  a  d'. 
The  actual  process  in  designing  will  l)e  to  determine  the  i,..,u^ 
tions,  Ba  and  b„,  and  then  to  read  off  from  a  magnetisation-curve^ 
the  corresponding  number  of  amiKTC-turns  re' ; 
while  even  in  the  cast-  of  the  air-g.ip  it  is  u&<  i 
affording  something  of  a  clue  to  the  probable  amount  of  I 
eddy  currents  which  may  be  expected  in  the  annature 
and  surface  of  the  core. 

The  magnetisation-curves  from  which  the  values  of  ■ 
cxciliniz  powers  .\ic  read  must  lie  suite-d  to  tho  c)t.ii-l  r. 
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kls  of  which  the  dynamo's  magnetic  circuit  is  composed. 
Thus,  for  the  amfiere-turns  required  over  the  length  of  path  in  an 
iron  armature-core,  the  curve  for  annealed  wrought  iron  will  be 
used,  since  the  armature -core  is  invariably  made  of  wrought-iron 
discs  or  ribbon  or  wire,  while  for  the  field-magnet,  either  the 
wTought-iron  or  the  cast-iron  curve  will  be  used,  according  as  it  is 
of  the  one  or  the  other  material.  On  referring  to  fig.  iii,  it  will 
be  seen  that  if  the  magnet  be  worked  with  a  low  induction,  say,  e.g. 
10,000  in  wrought  iron  or  6,000  in  cast  iron,  the  value  of  h  for  a 
given  induction  is  indeterminate,  and  may  have  any  value  lying 
Iwtween  the  ascending  and  descending  curs'cs  ;  in  the  cases  sup- 
posed, the  limits  will  be  1-5  or  4  ampfere-turns  per  cm.  length  for 
wrought  iron,  and  16  or  25  for  cast  iron.     Vice  versd,  with  a  given 

r|Uignetising  force,  the  induction  may  vary  l^tween  certain  limits 
ICcording  as  it  has  been  reached  from  a  higher  or  lower  value. 
Hence  a  certain  number  of  ampL-rtj-turns  on  the  field  may  induce 
a  slightly  larger  number  of  lines  at  one  time  than  at  another,  if  the 
excitation  be  raised  to  a  higher  value  and  then  decreased ;  and  the 
it  may  therefore  feel  a  doubt  as  to  what  value  of  exciting 
-  !  he  is  to  select  In  practice,  however,  any  such  effect  of 
hysteresis  resulting  in  a  variation  of  the  voltage  given  by  a  dynamo 
•rhen  running  at  a  certain  speed  is  hardly  perceptible  ;  not  only  is 
a  dvnamo  seldom  worked  with  a  very  low  induction  in  the  iron  of 
Id-magnets  (and  with  higher  values  for  the  induction  the 
,-;..ui  difference  between  the  ascending  and  descending  curves 
i)ccomes  negligible),  but  also  the  exciting  power  expended  over  the 
re'  of  the  field- magnet  or  x„  forms  only  a  certain  propor- 

li.,  ■'.)•  less  than  half,  of  the  total  number  of  ampere-turns, 

x=x^-j-x, -hx,,,  and  therefore  an  increased  number  of  ampfere- 
tums  is  njquired  for  the  armature  and  air-gaps,  if  an  increased 
Dumber  of  Unes  pass  through  the  armature.     Further,  in  actual 
iking  the  excitation  is  never  varied  through  a  very  wide  range  ; 
fig.  1 1 1,  the  magnetising  force  per  cm.  length  of  iron  has  been 
carried  up  to  a  high  figure,  and  then  gradually  reduced,  so  pro- 
ducing the  greatest   possible  difference   between   the  ascending 
and  descending  curves.     Such  a  condition  would  seldom  occur, 
1  in  the  conduct  of  workshop  or  laboratory  experiments  on 


i 
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ally  excited  as  the  machine  is  set  to  work,  and  then  the  excitatif 
is  maintained  fairly  constant  until  on  the  stoppage  of  the  niachil 
the  magnetism  dies  away.  Hence  in  the  design  of  dynamos  it 
sufficient  to  invariably  use  the  ascending  curve  of  magnetisation 
any  difference,  due  to  the  exciting  power  having  been  dificrer 
reached,  may  be  neglected,  since  its  only  effect  will  be  to  slighd 
reduce  the  speed  required  to  generate  a  given  voltage. 

There  still  remains  one  point  on  which  our  previous  cquatii 
requires  to  be  supplemented.  When  a  considerable  current 
passing  through  the  armature  of  any  continuous-current  bi-  or 
multi-polar  dynamo,  it  is  necessary  to  move  the  brushes  fonrard 
through  a  small  angle  in  the  direction  of  rotation  in  order  to  pre- 
vent sparking  at  the  commutator  ;  the  reason  for  this  shifting  of 
the  brushes  will  be  more  fully  explained  in  Chap.  XVII.  Suffice 
it  here  to  say  that  as  the  current  flows  through  the  armature  U 
magnetises  the  iron  core,  and  that  when  the  brushes  are  given 
requisite  forward  '  lead '  in  order  to  obviate  sparking,  the  mj 
effect  of  the  current  flowing  in  the  belt  of  armature  indue 
inclosed  within  twice  the  angle  of  lead  {fig.  153)  is  directly  o^ 
posed  to  the  magnetisation  of  the  core  by  the  ampere-turns  of  tlw 
field.  In  fig.  153  those  wires  in  which  the  current,  whether  of  the 
field  or  of  the  armature,  is  directed  away  from  the  observer  are 
shaded  black,  and  those  in  which  the  current  is  towards  the  ob- 
server are  shown  as  crossed  circles  ;  and  from  this  figure  it  will 
apparent  by  application  of  the  rule  of  the  hand  that  the  currcD 
turns  between  k  /,  m  n,  arc  opposed  to  the  current-turns  of  the 
field,  and  tend  to  magnetise  the  circuit  in  exactly  the  reverse  dirtrc- 
tion  :  they  are,  in  fact,  'back  ampere-turns,' and  the  result  is  tiuta 
certain  number  of  extra  ampere-turns  have  to  he  added  to  ihcfic 
anii>ereturns  in  order  to  neutralise  the  demagnetising  effect  of  ( 
armature  current.  Let  this  additional  number=Xt ;  then  the  oain- 
plcte  equation  for  the  ampere-turns  required  from  the  field  oo(b 
must  contain  this  additional  term,  and  thus  becomes 

When  the  armature  current  is  very  small,  x»  may  be 

''     l)ut  fi)r  nny  but  small  curreiii 
aing  amj)lrc  turn.s    must  li. 
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sing  as  the  armature  current  and  its  demagnetising  effect 
increased. 

In  the  case  of  alternators  we  have  shown  that  a  principal  effect 
self-induction  is  to  lower  the  resultant  voltage  of  the  armature 
low  the  impressed  ;  now  this  statement  is  but  another  method 
of  taking  into  account  the  demagnetising  effect  of  the  armature 
cunent,  and  if,  therefore,  the  effects  of  self-induction  are  sepa- 
rately considered,  the  term  x»  must  be  omitted  from  the  above 
e(]uation  when  applied  to  the  magnetic  circuits  of  alternators.' 

The  reason  for  the  insertion  of  x^  in  the  third  place  needs 
further  explaniftion.  It  has  been  said  that  the  flow  of  leakage  lines 
takes  place  in  the  main  under  the  magnetic  difference  of  potential 
existing  between  the  poles  of  the  dynamo,  and  even  if  this  be  not 
true  of  all  the  leakage,  allowance  can  be  made  for  the  inaccuracy 
involved  in  the  assumption.  Now  before  z„  or  e„  can  be  deter- 
mined, the  amount  of  leakage  I  requires  to  be  estimated.  In  order 
to  do  this,  the  joint  reluctance  or  its  reciprocal,  the  joint  permeance, 
of  the  leakage  paths  is  calculated  ;  then  it  is  only  necessary  to  divide 
le  magnetic  difference  of  potential  at  the  poles  by  this  joint 
luctancc  to  determine  (,.  The  magnetic  difference  of  potential 
between  the  poles  is  equal  to  i  '256  times  the  ampere-turns  required 
to  produce  the  flow  of  lines  between  the  poles  ;  let  these  be  ex- 
pressed as  Xp ;  then  {= '  ^5  '    p^  where  p  is  the  joint  reluctance  of 

/' 
the  leakage  paths.     Thence  z„=Zj-f{,  from  which  the  magnet 
induction  ii„  and  the  ampere-turns  required  to  produce  it,  x„„  can 
be  determined.' 

•  See  Swiubume,  Jtniriial  Iitit.  Elti.  Ettg.  vol.  xx.  part  92.      Of  the  two 

methods  of  viewing  ihe  armature  reaction  in  alternators,  that  which  considers 

the  lerro  Xj,  is  the  more  strictly  correct  in  relation  to  the  design  of  the  magnetic 

riroiit,  since  if  the  numl)er  of  lines  required  are  deduced  from  the  impressed, 

■t  from  the  residtant  E.M.F.,  the  iron  of  the  magnet  is  given  larger  di- 

.  ns  iJuin  necessary,  the  difficulty,  however,  of  its  application  renders  it 

:.-.bIe  for  a  first  Irealraent  of  alternating  currents. 

i.'p.  Chap.  III.  p.  36.  The  principle  of  the  at>ove  method  of  treatment 
was  first  definitely  applied  to  the  leakage  of  dynamos  in  1887  by  Mr.  Kapp 
in  his  paper  on  'Tlie  Predelerminal ion  of  the  Characteristics  of  Dynamos,' 
Jfur.  Set.  Tel.  Eng.  vol.  xv.  pan  64.  The  whole  paper  and  the  discussion 
which  followed  will  be  found  worthy  of  careful  study. 
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Now  X,,,  or  the  ampere-turns  required  to  zo\\\ 
back  ampbre-tums  of  the  armature  current,  takt      .  ■  i  i^tweea 
the  poles,  and  consequently  must  l>c  reckoned  in  when  estiraatj 
the  difference  of  magnetic  potential  between  the  poles  :  thus 

X|.^Xj  +  Xj  +  X5 

and  ^_i-a56(x.4-x,4-x») 

P 
Our  final  and  complete  equation  for  the  amp^re-tums  of  the  fi< 

will  thus  take  the  form 

ft 

X  =/  (^ ;)  .  /,  +  SB,  2/,  +  X,  +/'  (^)  .  /,. 

Simple  though  this  equation  is  in   its  form,  its  appi 
presents  certain  difficulties  which  render  it  well-nigh  im 
to  predict  the  ampt:re-turns  required  with  absolute  and  compl 
accuracy.     Apart  from  the  somewhat  indefinite  nature  of 
leakage  paths,  the  lengths  of  the  paths  in  the  iron  portions  of 
magnetic  circuit  can  only  be  calculated  approximately,  a 
having  to  be  struck  between  the  longest  and  ilic  shortest ; 
again,  the  area  of  cross-section  normal  to  the  lines  of  indue 
may  be  continuously  varying  (as,  for  example,  in  the  |x»Ie-piece] 
and  this  in  practical  work  necessitates  a  mean  being  taken  whidi 
it   requires   considerable  judgment   to  estimate 
second  source  of  error  is  that  our  calculations  are  1  ^ 

magnetisation-curves,  yet  the  particular  class  of  iron  used  may 
be  exactly  similar  to  that  for  which  a  curve  has  Ijcen  obtaini 
cast   iron  in   particular  varies  considerably  in  its  magnetic 
perties.      Still,    when    tested   experimentally,   a  dynamo   shoi 
certainly  not  require  to  be  run  at  a  speed  differing  by  more 
5  per  cent,  from  the  designed  speed  in  order  to  give  the  deaigntd 
voltage. 

In  order  to  render  the  above  methods  of  calculation  dmer 
by  an  actual  ex;imple,  they  will  nuw  be  applied  to  the  deiign  of 
an  8-kilowatt  shunt-wound  machine,  giving  an  output  of  6i  amperes 
at  a  pressure  of  130  volts :  the  chief  dimensions  of  the  iron  carcaK 
which  forms  the  magnetic  circuit  at.  '      1 

it   will  be   seen   that   it   u  a    bip<"  >..n. 
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;hl-iron  limbs  bolted  up  to  a  cast-iron  yoke  in  tlie  centre  of 
dplate.     The  armature  core  is  9"  in  diameter  x   12''  long, 
and  a  preliminary  estimate  will  lead  us  to  allow  a  loss  of  about 
volts  over  the  resistance  of  the  armature,  and  to  determine  upon 


Y.sl[.\..^i'.i 


'ic.  13^.-  Typical  j-polc  field. 


»34  inductors.    The  speed  is  not  to  exceed  800  revolutions  per 
ninute,  and  therefore,  by  the  equation  of  p.  212, 

E„=i36  volts=z,  X  234  X  -°°  X 10-', 

00  ~^^ 

whence  z„=4, 359,000,  or,  allowing  a  slight  margin  in  speed,  say 
=  4,400,000,  at  790  revolutions  per  minute. 


J 
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Taking  the  separate  elements  of  the  magnctiL  titti 
order  of  our  equation  (p.  294),  we  have 

(1)  The  armature,  requiring  x,  ampl-re-tums. 

The  area  of  the  iron  in  the  armature  core  through  which  i 
the  lines  z„  jjass  is  twice  the  area  of  the  iron  at  any  one  part,  sifl 
the  two  halves  of  the  ring  are  in  parallel,  and  half  the  lines 
along  each  of  the  two  paths.     Hence,  if  /i  =  the  radial  depth^ 
the  discs  of  which  the  armature  is  built  up,  and  b  =  the  length  of 
the  core  jKirallel  to  the  shaft,  the  cross-sectional  area  of  the 
is  2ab=2  (f75  X  12)  sq.  inches.     The  whole  of  this  is,  howe 
not  filled  with  iron,  since  allowance  must  be  m.ide  for  the  insulat 
paper  or  varnish  between  the  separate  thin  discs  of  iron.     At 
13  per  cent,  of  the  space  is  thus  occupied  by  the  insulation, 
therefore  the  net  sectional  area  of  iron  in  the  ring  is  ^ab  x ' 
=36'5  sq.  inches,  or  36'5  x6'45=235  sq.  cm       The  maximfl 
induction  in  the  armature  core  is  thus 

4,400,000  o 

B.=^'^      '  =18,700. 

235 

The  mean  length  of  path  in  the  armature,  as  shown  by 
dotted  line,  /[„  in  fig.  135,  is  about  8^",  or  2J  cm. 

By  reference  to  the  wrought-iron  curve  of  fig.  1 1 1,  it  will 
seen  that  to  produce  an  induction  of  18,700  lines  per  sq. 
requires  an  exciting  power  of  over  200  ampere-turns  per  ti 
length  of  path.  It  is,  however,  only  over  about  3^",  or  i>  ca 
between  the  polar  lips,  that  the  maximum  density  obtains  :  ale 
the  horizontal  diameter,  d„  is  practically  o,  and  midway  bctwc 
these  extremes,  where  n„  =  about  10,000,  the  necessary  exciti 
power  is  only  about  4  ampere-turns  per  cm.  length  of  jwth.  We"" 
may  therefore  with  fair  accuracy  regard  the  whole  of  the  exciting 
power  required  by  the  armature  as  expended  in  producing  an 
induction  of  about  b„  =  18,000  over  a  path  of  i2'5  era.,  or  a 
length  somewhat  more  than  the  distance  between  the  polar  tipi 
fif„or<-,  f,.  For  such  an  induction /' (b^)  is  155,  and  there- 
fore 

\.  =/'  (b..)./..=  «5S  X"'S='.94o  ampfere-tums. 

Possibly  this  may  prove  a  slight  over-estimate,  since  the  per 


iuty  of  well-annealed  charcoal-iron  discs  may  be  superior  to  that 

the  wrought  iron  in  the  curve  of  fig.  1 1 1  ;  but  an  error  here 
will  produce  but  little  error  in  the  total  result. 

(2)  ITie  air-gap,  requiring  x„  ampbre-turns. 

Owing  to  tlie  spreading  of  the  lines  of  induction  as  they  issue 
out  of  the  polar  face  and  pass  into  the  armature  core,  the  area  of 
the  air-gap  is  greater  than  the  area  of  the  bored  face  of  the  pole- 
piece.  Not  only  do  lines  pass  in  a  sloping  direction  into  the  core 
from  the  vertical  edges  of  the  '  horns,'  or  extended  tips  of  the 
poles  (fig.  1 16),  but  some  also  cur%e  round  into  the  armature  from 
the  outer  faces  of  the  pole-pieces  at  the  edge  of  the  bore,  and 
this  is  especially  the  case  when,  as  here,  the  length  of  the 
armature  core  is  slightly  greater  than  the  width  of  the  poles 
parallel  to  it.  A  certain  '  fringe  '  must  therefore  be  added  to  the 
rea  of  the  polar  face,  all  round  its  perimeter.     From  the  experi- 

r»ts  of  Dr.  Hopkinson,'  the  effective  width  of  the  fringe  may  in 
bur  present  case  be  taken  as  equal  to  four-fifths  of  the  distance 
from  iron  of  pole-piece  to  iron  of  armature.    If,  therefore,  d  be  the 

oeter  of  armature  core,  and  l^  the  length  of  one  air-gap,  the 
tJgth  of  arc  subtending  the  polar  angle  at  the  mean  radius  of  the 
air  gap  is 

and  the  effective  area  of  the  air-gap  is 

(X+-8x2/,)(a;  +  -8x2/,), 

berc  w  is  the  width  of  the  pole-piece  parallel  to  the  armature 
ihaft.  The  actual  area  traversed  by  the  lines  entering  the  armature 
is  c\en  slightly  larger,  but  the  above  is  the  effective  area  («,), 
assuming  that  the  density  of  the  lines  over  it  is  reduced  to  a 

uniforro  value  of  n„=  -,  and  that  all  the  lines  pass  radially  into 

I    the  core,  traversing  a  minimum  distance  of  air. 
I^H     In  the  present  case  the  bore  of  the  pole-pieces  is  9J",  whence, 

1^^    '  Vide  Jeurtial  Stc,    Tel.  Eng.  vol.  xv.  part  64,  pp.  561,  565,  j66,  and 
H^    Hopkinion'b  reprinted  Original  Papers  on  Dynamo  Mathinery,  pp,  95,  137, 
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the  diameter  of  the  armature  being  9",  /|,t=,*^".     The  Angle  ; 
tended  by  the  polar  face  is  130°  :  hence 

^=-(9TY')^g:=.o-7". 

The  cfTective  area  of  the  air-gap  is  therefore 

(io-7  +  7)  (ii-a5  +  -7)x6-45=88o  sq.  cm., 
and  the  induction  when  averaged  over  the  whole  of  it  is 


4,400,000 


and 


x^=-8b,.  2/,=-8xS,OOOX2-22=8v88o. 

(3)  The  back  ampbre-turns,  x,. 
The  method  by  which  these  are  calculated  will  be  reserved  I 

Chap.  XVII.,  but  for  the  machine  now  under  consideration  til 
may  be  reckoned  at  full  load  as  =580. 
The  result  so  far  is  x,^  1,940 
x,=8,88o 
Xt=    580 
Sum=ii,4oo=x„ 
or  the  exciting  power  acting  at  the  poles  of  machine. 

The  next  step  necessitates  a  knowledge  of  p,  the  leakage 
luctance  :    for  the   present  this   may   be   taken  as  =-0157, 
method  by  which  this  numerical  value  is  obtained  being  explain 
on  pp.  302-5.    Thence  the  leakage  lines 

o«57 
and  z„=z,-»-{=5,3i3,oooo. 

(4)  The  magnet  limbs,  requiring  x.  ampere-tums. 
The  area  of  the  wrought-iron  limb  is 

5A  X  1 1 J  X  645=  400  sq,  cm., 

and  the  average  induction  in  them  is 

p_-5.3'3.ooo_. 
400 

By  reference  to  ihc  wrought-iron  curve  of  djj.  iii,  wc 
when  R„=  13,300,  tlie ampere-turns  required  arc  I3pcrctn.l 


« 3.300- 
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or  slightly  less  on  the  descendinf;  curve.  The  length  of  path  in 
each  magnet-core  under  the  exciting  coils  is  io|",  and  at  the  yoke, 
where  the  lines  bend  round  into  the  bedplate,  their  curved  path 
to  the  edge  of  the  wrought  iron  may  Ije  taken  as  4'3"  long.  Within 
the  pole-piece  the  induction  decreases  slightly,  for  the  passage  of 
the  lines  outwards  is  hardly  counterbalanced  by  any  corresponding 
decrease  in  the  cross-sectional  area  of  the  iron.  Hence  the 
equi\-alent  length  of  the  mean  p>ath  in  the  pole-piece  may  be  taken 
as  4".  The  average  length  of  path  within  each  limb  may  there- 
fore be  reckoned  as 

10-25 +  43 +  4=  18-5", 

and  the  total  length  within  the  two  as 

185  X  2  X  254=94  cm. 
Hence 

x»=/'  (b„)  .  /«=i3  x94=«,22o  ampbe-turns. 

(5)  The  yoke,  requiring  x,  ampJ:re-tums. 

The  area  of  the  cast  iron=  19"  x  5^"  x  6-45=643  sq.  cm. 


and 


5.3'3,ooo^8        _ 
643 


whence  from  the  cast-iron  cur\e  of  fig.  in,/'  (b,)  =84.  The 
lines  spread  somewhat  in  the  yoke,  and  their  mean  length  of  path 
is  about  16  cm.,  whence 

x,=84X  16=1,350. 

The  total  excitation  required  is  therefore 

x  =  ii,40o+ 1, 220 -I- 1,350=13,970,  say  14,000  am pfere-turns. 

We  have  now  to  return  to  the  question  of  magnetic  leakage,  ^, 
and  in  the  first  place  to  the  calculation  of  the  leakage  reluctance, 
p,  of  any  dynamo.  In  the  following  pages  the  method  of  Prof. 
Forbes  '  is  described  with  slight  modification.  Since  we  have  to 
do  with  a  large  number  of  reluctances,  which  are  assumed  to  be  all 
in  parallel  with  one  another,  it  is  simplest  to  deal  in  the  first  place 
with  their  reciprocals  or  permeances,  since  these  can  be  imme- 
diately added  together  to  discover  the  joint   permeance  of  the 

'  Journal  Sot.  Til.  Eng.  vol.  sv.  pail  64,  p.  555. 


4 


THE  DYNAMO 


leakage  paths.     The  hnes  are  assumed  lo  follow  ccrtaui  dircc 
in  the  air  according  to  the  situations  and  distances  of  the  t» 
surfaces  between  which  they  flow,  and  to  meet  these  diffo 
cases  three  general  propositions  are,  as  a  rule,  sufficient 

(i)  In    the    case    of  two 
parallel  surfaces   facing 
other,     the    areas    of    whu 
arc  approximately  equal, 

lines  of  induction  may  all 

assumed  to  pass  straight  ac 

from  the  one  surface   to   the 


1. 


A«i 


Fig.  13*. 


Other,  and  the  permeance  of  the  air-gap  between  the  two  suriaces 
is  then  equal  to  the  mean  of  their  areas  divided  by  their  perpendi- 
cular distance  apart  (fig.  136) ;  or 


(11)  In  the  case  of  two  equal  rectangular  surfaces  situated  n« 
each  other  in  the   same  plane,  with    their  neighlxaur' 
parallel,  the  lines  of  induction  may  be  assumed  to  l)e  si 
described  about  a  central  line  drawn  between  the  two  surC 
the  permeance  of  the  air-path  from  one  to  the  other  is  then 

/="  log.  "». 

^         r, 

where  r,  and  r.,  are  respectively  the  distances  from  the  central 
line  to  the  nearest  and  farthest  edges  of  either  rectangle,  and  a  is 
the  depth  of  each  rectangle  at  right  angles  to  r,  i.e.  along  the 
parallel  edge  (fig.  137). 

(hi)  In  the  case  of  two  equal  rectangular  surfaces  situated 
similarly  in  one  plane,  but  at  some  distance  apart,  the  line*  of 
induction  may  be  assumed  to  be  quadrants  connected  by  straight 
lines,  the  quadrants  being  described  from  the  neighbouring 
of  the  rectangles  as  lines  of  centres :  the  permeance  of  the 
between  the  two  surfaces  is  then 


/=-  log. 


ir^V\b 
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where  a  is  again  the  depth  of  each  rectangle,  w  its  width,  and  b  is 
iheir  distance  apart  (fig.  1 38). 

To  these  may  be  added  other  extensions  of  the  same  prin- 
ciples, but  in  general  the  three  main  propositions  above  considered 
will  meet  the  most  common  cases,  or  in  default  of  any  other 
guidance  it  must  suffice  to  map  out  a  probable  course  for  the 
leakage  on  the  above  lines,  and  thence  by  scaling  the  mean 
areas  of  the  two  surfaces  and  the  mean  length  of  path  between 

them  to  deduce  the  permeance  =  ^—  ,  . 

length 

It  must  be  remembered  that  in  all  the  foregoing  equations 

the  dimensions  are  in  centimetres  and  the  logarithms  are  to  the 


Fic.  1J7. 


Fig.  138. 


Vapierian  base  c  :   hence,  for  the   benefit  of  English  dynamc 
dLsigncrs,  it  may  be  useful  to  give  the  equivalent  equations  when  t 
liuncnsions  are  in  inches,  and  the  areas  in  square  inches  :  they  < 

IT  r,  r, 

TTW"  +  b 


(111)/=  I -86  ■Kii"  xlogio- 


b'< 


Wc  are  now  in  a  position  to  calculate  the  leakage  reluctance 
of  our  dynamo  (fig.  135),  taking  the  permeance  of  the  several 
|«ths  in  succession,  and  assuming  them  to  be  approximately  as 
sliown  in  fig.  133. 

{i\  Between  the  flat  lops  of  the  pole-pieces,  a,  and  a.,,  taking 


A'ecn  the 
itsideA 
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the  paths  by  proposition  111.  as  partly  quadrants  and  partly  ! 
lines, 

/»,  =  i-86x  11-25  Xlog.o  '^•5--575^+4L«i5, 
=  11-6. 

(2)  Between  the  sloping  surfaces,  b,  b„  at  the  top  of  the  | 
pieces,  by  proposition  iii.,  the  mean  direct  distance  between  the 
two  being  14",  but  the  lines  curving  round  in  a  zone  outsidel 
lines  of  region  (i). 

/,=  1  -86  X  1 1  25  X  log  -!L!L^J^ 

^  =5-8S- 

This  may  be  roughly  checked  by  directly  scaling  the  mean 
length  of  the  supposed  pwth  and  dividing  it  into  the  area  of  citha 
surface  in  centimetre  measure,  thus  : 

(3)  Between  the  neighbouring  edges  of  the  opposing 
tips,  <-,  and  r„  and  the  corresponding  surfaces,  c^  and  c^, 
the  armature.     By  rule  i.  the  permeance  between  c^  and  r,  will  I 

and  the  joint  permeance  of  the  two  paths  is  therefore/,  =  8-7. 

Many  of  the  lines  which  issue  from  the  extreme  edge  of  llic 
polar  projections  converge  upon  the  armature  core,  and  are  there- 
fore not  to  be  reckoned  as  lost  by  leakage  ;  but  when  the  leakage 
across  between  the  lower  surfaces  of  the  horns  <■,  and  <r«  is  taken 
into  account,  the  permeance,  as  calculated  alx»ve,  may  ht  reg 
as  sufficiently  accurate. 

(4)  Between  the  sides  of  the  pole-pieces,  n,  .ind  d^  andi 
corresponding  surfaces  at  the  further  end  of  the  magnet, 
surface  may  be   treated  approximately  as  a  rectangle  38"  wide 

X  lo"  deep,  the  two  being  separated  by  a  mean  direct  distance  of  9' . 
Therefore,  by  proposition  111.,  the  permeance  between  thcqKjH| 
r)|  and  D,  ^^^H 

i-86xioxlog"-^3375->-9^6,  ^H 


1  mmA  thfrf^(n\ 
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'  »nd  therefore  the  joint  permeance  on  both  sides  of  the  magnet 
ji^,  =  12-6. 

^B  (5)  From  the  back  of  the  pole-pieces  into  the  yoke,  i.e.  from 

^P^to  F„  and  Ej  to  f,.     The  surfaces  e,  and  f,  may  be  regarded 

I  as  approximately  of  equal  area,  and  the  paths  followed  by  the 

lines  may  be  taken  as  quadrants  joined  by  straight  lines  ;  hence, 

'proposition  iii.,  the  permeance  between  Ei  and  f,   or 

/,  =  1-86  X  I I-2S  X  log  ""^7  +  i?-'5  =  10-4. 

Now  the  magnetic  difference  of  potential  between  the  two 
surfiices,  E]  and  f,,  is  approximately  half  that  existing  between 
the  pole-pieces,  for  the  yoke  may  be  regarded  as  at  zero  potential, 
and  the  limbs  as  gradually  increasing  in  potential  to  a  positive  and 
negative  maximum  respectively,  as  we  proceed  from  the  yoke  to 
tiie  poles.  The  lines,  therefore,  which  flow  through  each  limb 
due  to  the  leakage  now  under  consideration,  are 


^4=  1-256  -f  X/j 


If,  therefore, /j  be  calculated  as  above,  and  we  wish  to  express 
ie  leakage  on  the  assumi)tion  that  it  is  all  due  to  the  difference 
of  magnetic  potential  at  the  poles,  the  value  /»,,  must  be  halved 
before  it  can  be  regarded  as  in  parallel  with  the  preceding  per- 
meances ;  when  so  halved  it  may  be  directly  added  to  them, 
and,  therefore,  for  our  purpose  it  will  be  necessary  to  take  the 

«lue  ^=52. 
2 


III! 

an 


(6)  From  limb  to  limb.  This  leakage  is  divisible  into  two 
portions  :  (i)  straight  across  from  the  inside  of  the  one  limb  to 
ibe  inside  of  the  other,  i.e.  from  c,  to  o.^  ;  and  (ii),  in  curves  from 
the  neighbouring  sides  of  the  magnets,  i.e.  from  h,  to  Hj,  and 
l^twecii  the  corresponding  surfaces  at  the  further  end  of  the 
magnet. 

The  permeance  of  path  (i)  is 

10-25  X  1 1-25       ,, 
2-54  X ^ ^  =  56, 

5-25 


I 
I 


c  ~^ys-~ 


.    (2;  Between  the  «j     - 

_,Q  C>     — ^  T,,      't 

Thh  "^    ^-  U 

'eng.hoft'Je^,^  '°"«'">' checked  K 

(3)  Between  fh  ^°     ^—5  7. 


'"f  Jte  join,  ^  ^■■-■5   "  ■  =  ■.  .J5. 

mto  account  th.^  .^       '^^'"  ''"^'=^'^«  of  jk!  /  **'  »*«  A 
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•,  of  path  (it)  b 
i-fcx.o-asxlog'^O+S:^ 


5*5 


X  2  = 


akng  these  pstfas  from  limb 
of  potential,  &s  we  ] 
thema^oeto-motive  forces  < 
k  fiariboted  along  the  tiro  limbs,  I 
tclPKii  the  two  limbs  beingi 
of  d>ae  faioes,  less  the  tall  of  potential 
Bs  wc  ptoceed  from  the 
pole-piece.    Approximat 
Afiscnoe  of  potential  ac 
half  die  naaimam  difference ' 


cntial 
it^l 
:eV^ 


Let  ^^tfae  actual  number  of  linn, 
difcuMn.  of  magnetic 
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is,  what  permeance  will  give  ^  lines  when  a   magnetic 
[ice  of  potential   of  1556  x,.   acts   over   it,   and   this   is 

idently  t^*=  20. 
4 
All  the  penneances  have  now  been  reduced  to  such  values 

»s  may  be  regarded  as  in  parallel  with  the  armature  and  air-gaps, 

Uid  may  therefore  be  immediately  added  together  ;  and  our  final 

It  is  that  the  joint  permeance 

'/i+/>+/j +/.+  -+-  =  ii-6-(-5-7+87+i2-6  +  5'2  +  20 
2       4 

=  63-8,  and  p  =    -  =  '0157, 

the  average  number  of  lines  passing  through  the  entire  length 

I  the  magnet  is  z^  +  ^,  where  I,  =  r256  Xp  x  p 
I  ' 

In  addition  to  ihc  several  paths  already  considered,  there  are 

athers  which  would  have  to  be  taken  into  account  if  greater 
ide  were  recjuired,  such,  for  instance,  as  fronj  the  pole-pieces 
L^^  Hearings  and  their  supporting  pedestals  on  either  side  of 
^■magnet  Again,  the  surfaces  already  taken  into  account  may 
^Baired  differently  ;  for  example,  we  might  calculate  the  perme- 

lone,  I 


between  a,   and  n..,,  or  between  ii.j  and  Fj  ;  but  if  this  be 


sne,  it  would  be  incorrect  to  add  the  several  permeances  together, 
incc  they  are  not  all  in  parallel.  In  their  actual  distribution  the 
^Bb  of  induction  never  cross  one  another  or  intersect ;  further, 
nVo  sets  of  lines  are  regarded  as  traversing  the  same  air-space  for 
art  of  their  course,  e.g.  leakage  from  a,  to  Aj,  and  leakage  from 
By  the  fall  of  magnetic  potential  over  that  part  of  their 
which  is  common  to  both  must  correspond  to  iheir  joint 
kity,  and  not  to  that  of  either  set  taken  separately.  Hence  the 
^tioti  of  fresh  paths  would  involve  a  distribution  of  the  lines 
ent  from  that  assumed  in  our  first  approximation  and  a  re- 
calculation of  their  amount,  and  such  rearrangement  might  result 
htly  lower  value  for  the  leakage  reluctance.  Still,  if  the 
field  be  regarded  as  distributed  mainly  after  the  fashion 


J 
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indicated  above,  a  close  approximation  may  be  made  to 
amp&re-tums  actually  found  to  be  required  by  the  field-magnci 
when  the  machine  is  tested.  A  certain  amount  of  judgrncnll 
required  in  the  first  instance  in  selecting  the  direction  of 
several  paths,  none  of  which  intersect ;  but  to  guide  us  in 
actual  experiment  may  be  called  to  our  aid,  if  a  machine  with 
required  type  of  field-magnet  is  at  hand.' 

A  partial  compensation  for  the  difficulty  of  accurately  dc 
mining  the  somewhat  vague  and  indefinite  factor,  p,  lies  in 
fact  that  a  considerable  percentage  error  in  its  dclermir 
produces,  under  ordinary  conditions,  but  a  small  percentage' 
error  in  the  total  number  of  ampcrc-tums  required  to  produce  i 
useful  field  through   the  armature ;    for    this   total    number  \ 
amp^re-lums  is  the  sum  of  those  required  for  the  armature 
air-gaps  and  those  required  for  the  magnet,  and  an  cnor  in  i 
estimate  of  p  only  affects  the  latter.     Evidently,  the  ^ 
proportion  which  the  amptre-turns  rci|uired  for  the  ii. 
of  the  total  numVjer,  the  less  will  an  error  in  their  determinati 
affect  the  whole.     Hence  the  percentage  of  error  thus  introduc 
will  depend  on  the  relative  amount  of  x„  as  compared  with 
total  X,  and  will  be  greater  in  the  case  of  a  magnet  which  has 
greater  length  of  circuit  or  is  worked  with  a  higher  inductio 
But,  further,  it  will  in  especial  depend  upon  the  degree  of 
lion  of  the  field-magnet,  since  the  higher  the  induction  thc{ 
is  the  difference  between  the  ampere-turns  required  to  driv 
supposed  and  the  actual  number  of  lines  z„  through  tlic  magne 

If  the  value  of  ^  for  a  particular  machine  of  a  given 
once  been  determined  by  calculation,  and  checked  by  cxperii 
certain  further  conclusions  may  be   drawn  applii^hle  to  «« 
machines  of  the  same  type,  but  differing  in  their  dimeosions. 
the  linear  dimensions  of  one  machine  were  simply  niagnttM 

times  in  the  design  of  another,  the  new  value  for  ^  would  be  il 
its  former  value,  since  the  lengths  of  the  leakage  paths  wuold 

'  Fur  such  ortuiil  vxi>«rinii:nts,  ride  Jaurnat  tntt,   Btut.  Emg.  vol.  lii. 

jinrl  .S6,  ji|).  244-246  (Trailer). 

■  Vijf  Euun,  "  -.in  Dynamo  and  Motor  V)»ii^,' /§»mt.  fmt 

BUil.  Eh^.  vol.  xi\  ,  .  123. 
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tnrrcased  n  times,  and  their  cross-sections  increased  n'  times. 
ilore  often,  however,  the  ratio  of  the  two  chief  dimensions  of  the 
dynamo,  viz.  the  diameter  and  length  of  the  armature  core,  is 
altered,  and  this  involves  a  more  detailed  consideration  of  the 
way  in  which  the  leakage  reluctances  are  affected  by  any  change 
in  these  dimensions.  The  most  important  principle  must  be  the 
fact  that  an  increased  or  reduced  length  of  armature  core  involves" 
no  futthcr  alteration  than  an  equal  increase  or  reduction  in  the 
width  of  the  magnet  parallel  to  the  armature,  while,  on  the  other 
hand,  a  change  in  the  diameter  of  the  armature  usually  involves  a 
more  or  less  proportionate  change  in  the  depth  and  length  of  the 
DUgnet  limbs,  for  the  alteration  in  the  area  of  iron  in  the  armature 
necessitates  an  alteration  of  the  area  of  iron  in  the  magnet,  and 
also  of  the  length  of  the  exciting  coils.  Now,  considering  the 
\-arious  leakage  paths  of  the  dynamo  above  discussed,  it  will  be 
found  that  the  permeances  between  a,  and  Aj,  B|  and  b,,  e,  and 
r,,  r,,  and  Cj,  are  almost  solely  dependent  on  the  length  of  the 
armature,  and  vary  directly  with  it  ;  for  if  its  diameter  alone  be 
altered,  the  length  between  them  is  increa.sed,  but  so  also  to  the 
same  extent  is  one  of  the  two  dimensions  which  go  to  make  up 
thdr  area.  On  the  other  hand,  the  permeances  between  d,  and 
1",,  or  H|  and  H„  are  almost  solely  dependent  on  the  diameter, 
being  unaffected  by  any  change  in  the  length  of  the  armature  ; 
and,  further,  they  vary  directly  as  the  diameter  of  the  armature, 
fo»  although  an  increase  in  the  diameter  lengthens  their  paths,  it 
increases  both  dimensions  of  their  cross-section.  Lastly,  the 
permeance  between  the  edges  C|  and  Cj  of  the  pole-pieces  varies 
directly  as  the  length  of  armature  and  inversely  as  the  diameter, 
for,  with  an  increased  diameter,  the  width  of  the  gap  between  the 

(pole-pieces  would  be  increased,  but  the  vertical  depth  of  the 
Idges  would  lie  scarcely  altered.  Hence  an  approximate  formula 
for  the  total  leakage  permeance  would  take  some  such  form  as 
fcssA|  I,  +  A,  D  -I-  k^-,  where  k^,  k.^,  k,  are  suitable  constants  for 
i'  u.nrticular  type  of  machine.  By  this  differentiation  of  the 
'^e  permeances  it  is  possible  to  judge  of  the  relative  effect  of 
•njr  aJteration  in  the  diameter  or  length  of  armature,  and  by  the 
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resultant  permeance  of  the  new  dynamo.  In  the  case  ot  th<  ^ 
overtype  dynamo,  proportioned  somewhat  after  the  fasliion  of 
fig.  13s,  our  previous  calculations  will  lead  us  to  the  approximate 
formula 

where  l"  and  d"  are  in  inches  ;  and  from  this  it  will  be  se 
an  increase  in  the  length  of  the  armature  produces  a  consid 
greater  increase  in  the  leakage  permeance  than  the  same  inc 

in  the  diameter.     If  the  ratio  -  =  1-33,  as  in  our  case,  over  one- 
half  of  the  leakage  takes  place  from  surfaces  the  i>emicanccs 
which  are  solely  affected  by  the  length  of  the  armature,  over  oq 
quarter  will  be  affected  by  a  change  in  the  diameter,  and 
remainder  is  affected  by  a  change  in  either  dimension. 

In  the  case  of  a  similar  overtype  dynamo  with  druin-armatu^ 
for  a  given  diameter  of  core,  the  depth  of  iron  will  lie  greater  than' 
in  the  ring  ;  hence  the  depth  of  the  magnet  will  1k'  greater, 
second  tenn  which  has  to  do  with  leakage  between  the  outsii 
faces,  D|  and  Dj,  h,  and  Hj,  will  acquire  greater  prominence, . 
k^  must  be  increased.     I'he  equation  will  now  take  some  1 
form  as 


P=3-2SL"  +  2-5D"4-7 


•>■> 


and  in  general  the  relative  importance  of  the  two  ditner 
depends  on  the  thickness  and  length  of  magnet  which  suits  a  gii 
design  of  armature. 

The  leakage  of  undertype  dynamos  is  so  largely  dependent  ( 
the  exact  method  by  which  they  are  supported  on  the  I* 
and  the  shortest  distance  between  the  iron  of  the  bcdpli 
the  iron  of  the  magnet,  that   it   is  more  difiicult  to  gi« 
approximate  \-alues  for  the  constants  ^,  k^  and  k^.     Ro 
may  be  said  that  the  leakage  permeance  varies  betweco  pa 

+  2D"  +  8'',^andF=sL"+3ij"4.8i:;, ;  in  both  cases  th«  nor 

distance  between  the   l>edplate  und  m.igni't  has  K^cn  taken  I 
}ut  8-9  times  the  air-gap  on  mif  ■^uV-  li.  iwr.-n  .innatiir.-  ^\ 
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in  the  former  case  no  sheet  of  metal  runs  under 
;  in  fact,  a  continuous  stretch  of  iron  lying  under 
the  pole-pieces  should,  as  far  as  possible,  be  avoided,  or  broken 
up  by  a  large  central  air-gap,  so  as  to  force  the  lines  to  pass 
round  through  a  considerable  length  of  cast  iron. 

The  al)ove  equations  will,  however,  serve  to  show  the  varying 
JBiponancc  which  must  be  attached  to  the  two  dimensions  l  and  d 
^different  types,  and  from  the  form  in  which  they  are  cast  they 
^B  belter  adapted  to  prevent  us  from  being  misled  when  any 
^Bical  alteration  of  dimensions  is  made  than  other  and  simpler 
^Bations  which  have  been  from  lime  to  time  proposed. 
^B  Since  the  leakage  reluctance  of  any  given  dynamo  is  almost 
^Krely  due  to  the  air-spaces  between  certain  surfaces,  its  value 
Kpractically  a  constant  quantity  for  thai  dynamo,  and  inde- 
^■ident  of  the  actual  amount  of  leakage.  Now,  since  the 
^Bercnce  of  magnetic  potential  between  the  poles  of  the  dynamo 
^BBses  as  the  number  of  useful  lines  through  its  armature  is 
^^Hped,  it  is  evident  that  the  leakage  t,  will  also  continuously 
^Eoue  as  z„  is  increased ;  and,  further,  will  increase  faster  than 
^K  for  as  the  armature  core  becomes  more  and  more  highly 
^brated,  an  increase  in  the  amp^re-tums  expended  over  the 
^■utture  will  produce  less  and  less  increase  in  the  lines  through 
Bwhilc  the  leakage  still  continues  to  increase  directly  as  the 
^■erence  of  magnetic  potential  between  the  poles.  Hence  the 
^Bportion  which  the  leakage  lines  bear  either  to  the  useful  or  to 
^k  total  number  of  lines  through  the  magnet  will  continuously 
^■rease,  and  for  each  degree  of  magnetisation  of  the  dynamo 

^E^  or  — "  will  have  a  different  value.     In  the  case  of  the  ring 

^Krt)'pe  dynamo  above  considered,  z„  =  i"2iz„  when  it  is 
^knetiscd  as  it  would  be  under  ordinary  working  conditions,  so 
^■tu  obtain  an  induction  of  about  18,000  in  the  armature  core  ;  in 
^Bcr  words,  the  leakage  is  about  21  per  cent,  of  the  useful  lines, 
^Bi7  per  cent,  of  the  total  flux.  Strictly  speaking,  the  factor 
^Kvhich  the  useful  lines  through  the  armature  must  be  multiplied 
^H>rder  to  obtain  the  greater  number  of  lines  flowing  through  any 
Hk!T  part  of  the  circuit  will  vary  all  along  the  length  of  the  magnet, 
^■toeslcak  into  or  out  of  it.    With  sufficient  accuracy,  however,  we 
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may  assume  the  flux  of  lines  to  be  constant  over  each  of  our  i 
subdivisions  of  the  magnetic  circuit,  so  that  z^=v^i„  z,=l 
Zp=r,^j  ;  the  different  parts  of  the  magnet  are  denoted-] 
subscript  letters  as  before,  and  each  part  has  its  appropriat 
V,  greater  than  unity.     Our  fundamental  equation  for  the  amp 
turns  of  a  simple  magnetic  circuit  may  now  be  expressed  as 

and  such  was,  in  principle,  the  original  form  of  the  equation  as  first 
published  by  Drs.  J.  and  E.  Hopkinson  in  their  classical  paper 
on  Dynamo-electric  Machinery.^  Having  established  the  theo- 
retical equation,  they  further  measured  experimentally  i)ie 
number  of  stray  lines  of  induction  that  leak  through  diffe 
portions  of  the  air-space  about  the  field-magnets  of  two  dyr 
of  different  types,  each  of  which  was  excited  with  its  nor 
magnetising  current.  Thence  they  were  enabled  to  deduce 
value  which  the  factors  »,,  v,,  &c.  have  for  the  given  dyr 
when  magnetised  to  their  working  degree  of  saturation. 

The  first  factor  v,  requires  further  explanation.  It  has 
said  that,  owing  to  the  difference  of  magnetic  potential  n 
exists  between  opposite  sides  of  an  armature  under  the  two 
pieces,  a  certain  number  of  lines  pass  diametrically  across  the 
interior  of  the  armature  through  the  shaft  without  passing  round 
through  the  core  between  the  two  pole  pieces;  hence,  if  2.  be 
reckoned  as  the  number  of  lines  actually  flowing  round  thxot^ 
the  two  halves  of  the  core,  and  passing  through  sections  of  the 
core  taken  midway  between  the  pole-pieces,  the  number  of 
flowing  through  the  air-gaps  must  be  greater  than  ;;.  ;  for ; 
additional  lines  p.ossing  diametrically  across  the  shaft  must 
passed  through  the  air-gaps,  and  must,  therefore,  be  taken  into 


'I 


'  I'ki,.    Trans,    1 886,   part  i,  p.    331,  reprinliwl   in   Origimal 
Dynttmo  Afarhintry,  pp.    79-I33.      This    iin|X>rl«nl   paper   m«y  be 
iuivc  first  laid  down  a  sure  groundwork  of  ihrocy  Tor  the  irieniific 
dynimos,  and  raivod  it  from  the  level  of  empirical  '  mles-or-tbaoih.'     A  1 
of  it  is  e«Mnli«l  tu  every  tludent. 
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ant.     This  is  effected  when  z,,  is  multiplied  by  the  factor  v,. 

In  ihe  case  of  drum  armatures  it  is  unnecessary  to  introduce  this 

I ,  owing  to  the  lower  induction  which  is  usual  in  them  and 

-bsence  of  internal  wires  ;  but  in  the  case  of  ring  armatures 

fietised  to  a  high  degree  of  saturation,  tlie  leakage  across  the 

'ring  may  become  of  sufficient  importance  to  warrant  its  being 

taken  into  account.     Thus,  in  the  ring  armature  tested  by  the 

Drs.  Hopkinson,  which  was  magnetised  to  a  very  high  induction 

part  of  maximum  density,  the  leakage  across  the  interior 

then  found  to  amount  to  as  much  as  5  per  cent,  of  the  lines 

jgh  the  arm.iture,  or  ti,=  ro5.     The  dynamo,  upon  the  ring 

lure  of  which  the  above  experiment  was  carried  out,  was  of 

the  *  Manchester'  double-magnet  type  (fig.  125),  and  it  was  found 

at  the  number  of  lines  flowing  through  a  section  of  the  upper 

e-picce  near  the  magnet  core,  when  expressed  in  terms  of  z, 

7.  z 

Bs=  i'i3— ,  and  through  the  lower  pole-piece  i"24  — ,  thedif- 
2  2 

between  the  two  being  due  to  leakage  from  the  magnet- 

into  the  bearings,  which  were  supported  on  extensions  from 

lower  cast-iron  pole-piece.     The  greatest  numl>er  of  lines  flow 

3ugh  a  section  at  the  centre  of  each  magnet-core,   the  value 

xdually  decreasing  from  this  point  up  to  their  ends  ;  the  mean 

umber  of  lines  flowing  through  either  magnet  was  i  -49    ",  or  »„ 

2 

•49.  In  designing  the  field-magnet,  it  is  this  latter  factor 
tich  is  in  reality  the  most  useful  to  us,  since  we  wish  to  obtain 
ne  mean  value  of  2,,  whence  we  may  calculate  the  ampt;re-tums 
jired  to  overcome  the  reluctance  of  the  magnet,  assuming  that 
thai  number  pass  through  the  entire  length  of  the  magnet  core, 
ius,  in  the  above  case  of  the '  Manchester '  double-magnet  field,  if 
( require  z^  lines  through  the  armature,  49  per  cent,  more  lines 
ast  be  allowed  for  in  calculating  the  area  and  ampcre-tums  re- 
tired for  the  magnet-cores,  since  out  of  the  total  number  of  lines 
through  them  only  about  two-thirds  pass  through  the  armature 
core  as  well.  -'Vgain,  in  the  case  of  the  undcrtype  Kdison-Hop- 
kinson  machine,  with  drum  amiature,  which  was  also  examined 
•s.  J.  and  E.  Hopkinson,  it  was  found  that  out  of  100  lines 
wough  the  cross-section  of  each  magnet  limb  at  the 
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middle  of  its  length,  only  about  75  reach  the  armature  core,  ot 
t/„=i'32.  Out  of  the  observed  loss  of  25  per  cent.,  nearly  ha 
or  1 1  i>er  cent.,  was  due  to  leakage  through  the  /inc  base  into 
cast-iron  bedplate  which  stretched  directly  across  below  the  pole- 
pieces  ;  the  leakage  between  the  limbs  and  between  the  U|>pet 
edges  of  the  pole-pieces  was  8-3  per  rent.,  the  remainder  being 
accounted  for  by  leakage  between  the  lower  edges  of  the  pole- 
pieces,  from  their  sides,  and  from  their  backs  into  the  yoke. 

In  most  cases  we  may  without  much  error  assume  the  differ 
factors  for  the  different  parts  of  the  magnet  to  Ije  identicil, 
reckon  the  number  of  lines  through  any  part  of  it  to  be  /^=t 
where  v  may  be  called  the  '  leakage  coefficient '  of  the  d)'nac 

The  values  of  p  and  the  percentage  distribution  of  the  li"' 

several  types  of  dynamos  have  been  experimentally  deter 
recorded  by  different  observers  ; '  but,  unfortunately,  little  of 
information  has  at  the  same  time  been  given  of  the  degree  of  sat 
ration  of  the  armature  and  magnet,  beyond  the  fact  that  they ' 
magnetised  to  their  normal  working  extent. 

Such  recorded  values  of  v  may  be  used  for  the  purpose  of 
approximately  calculating  the  area  and  ampere  turns  retjuired  \rf 
the  field-magnet.    Thus  the  usually  adopted  value  of  r  for  the 
2-polc   overtype  dynamo  of  fig.  2,  with   cast-iron   pedestals  on 
either  side  of  the  magnet,  is  about  125,  which  agrees  close);. 
our    previous    calculation   as   to  the   amount   of  leakage 
normally  excited  with  14,000  amp^re-tums ;  and  for  the  stmiUr 
undertype  of  fig.  123,  v=  from  1-3  to  i'35.     For  the  M   '  ^    "  " 
field  of  fig.  125,  with  the  armature  supported  on  ca-sl  1 
sions  from  the  lower  pole-piece,  v  was,  as  stated  above,  =r4<». 
In  almost  all  multipolar  dynamos,  v  is  comiorativcly  h«gh,  hbA 
for  figs.  1 29  and  74  may  be  taken  at  from  i  -4  to  i  -5  ;  and  in  iJic 
case  of  an  alternator  of  the  type  shown  in  fig.  75,  without  iron 
in  its  annature,  v  has  been  found  to  be  as  high  as  s  ;  in  oUrtr 
words,  only  half  the  total  flux  passed  througli  the  armatute,  the 

'   I'iiU  Esson,  'Some  IVints  in  nyn.inio  and  Motor  Design,' _/#*»«! 
Etec.  F.Hg.  vol.  xix.  part  85  ;  '  Magnrlic  Leakage  in  Dynamos  jm"   .\"      .1 
(IvesI,  reprinted  in  the  SUdriial  A'raicw,  January  it  ui 
•  Magnetic  r)»ta  of  Sprague  Motor '(I'arJiiilli. /-'.'■■..  A'«.-.  I 
(I'uirer}  BlKlriral  Rtvien/,  April  15,  1892 
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jning  half  leaking  directly  across  from  one  pole  to  the  neigh- 
pole  on  either  side  without  being  cut  by  the  rotating 
inductors.  Implicit  reliance  cannot,  however,  be  placed  on  any 
such  >'alues  of  v.  As  already  mentioned,  it  varies  decisively  if 
the  degree  of  saturation  be  considerably  varied,  and  since  this  is 
so,  it  varies  with  diflerent  values  of  the  '  back  ampere-turns,'  i.e. 
with  dLffcrent  values  of  the  armature  current,  even  though  the 
total  number  of  amp{;re-tums  on  the  field  remains  unchanged ; 
for  the  armature  current  directly  affects  the  degree  of  saturation  of 
the  core.     On  this  account  the  first   method   of  obtaining   the 

amp^e-tums,  which  involves  a  term  {=  -^*i^  is  decidedly    pre- 

P 
ferred  by  the  authors  to  the  second  form,  which  contains  the 
r  V.  In  default  of  such  experimental  determination  of  the 
s  which  it  takes  (as  was,  in  fact,  made  by  the  Drs.  Hopkinson 
before  they  put  into  use  their  original  equation),  we  are  more  liable 
to  lie  misled  by  false  values  of  v  than  by  errors  in  determining  p. 
The  somewhat  laborious  task  of  detemnining  p,  even  if  it  be,  at 
hcst,  only  an  approximation,  is  thus  very  strongly  to  be  recom- 
mended, especially  in  the  case  of  the  adoption  of  a  new  type  of 
6eld- magnet. 

Finally,  it  may  be  remarked   that  in   all   bi-   or   multi-polar 

achines,  and  to  a  much  less  degree  in  all  unipolar  machines, 

i  certain  amount  of  leakage  is  an  inevitable  necessity,  and,  so 

ng  as  it  be  kept  within  due  limits,  is  but  a  small  evil.     If  the 

iiergy  retiuired  to  magnetise  a  dynamo  is  from  3  to  5  per  cent,  of 

output,  as  it  is  in  most  modern  dynamos,  magnetic  leakage 

mot  ver)'  greatly  affect  the  efficiency  and  cost  of  working,  for  a 

jpposed  complete  absence  of  leakage  would  but  slightly  decrease 

lis  percentage  ;  and  the  practical  endeavour  to  reduce  it  appre- 

ibly  may  reduce  the  weight  of  iron  and  wire,  but  can  only  lead 

I  a  considerably  increased  first  cost  of  the  machine,  owing  to  a 

lavish  use  of  non-magnetic  materials,  such  as  gun-metal. 

In  dealing  with  the  divided  magnetic  circuits  of  double  horse 

.    fields  (figs.   125  and  126),  it  is   simplest   to   calculate   the 

le-turns  that  must  be  placed  on  one  of  the  two  horseshoes, 

since  the  amjHire-tums  on  the  other  must  be  precisely  alike 

niiii.I..T  of  lines  that  leave  or  enter  one  pi 


I 
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surface,  the   magnetising  coils  on   one   horseshoe  must 
sufficient  exciting  power  to  cause  half  that  number  to  pass  id 
and  out  of  one  side  of  the  armature  through  two  air-gaps,  each  i 
which  has  an  area  half  that  of  the  entire  air-gap.  We  arrive,  the 
fore,  at  the  same  inductions,  b^,  b^  whether  we  consider  the  et 
number  of  lines,  z„,  passing  through  the  areas  of  the  air-gapis 
armature  as  a  whole,  or  half  that  number  passing  tlirough 
those  areas.     Let  ^=the  number  of  leakage  lines  for  each  magnet- 
core,  and  ff„  — its  area  ;  then 


-^  C:) 


./„-f--8'".2/,-»-x,4-/ 


■(^- 


and  this  number  of  ampbrc-tums  must  be  placed  on  each  horsesh^ 

The  case  of  fig,  127  is  exactly  similar  ;  two  opposii' 
reckoned  as  one  polar  surface,  out  of  which,  or  into  .. 
2a  lines  as  required  by  our  equation  of  p.  212,  and  these  2,  liii 
within  the  armature  core  follow  two  paths  in  parallel,  since  1 
pass  round  the  ring  in  opposite  directions.     In  this  case,  hon 
not  only  is  the  group  of  z^  lines  split  up  into  two  before  they  pass~ 
through   the  magnetising  coils,  but,  further,  each  sub-gruup  of 

—  lines  again  bifurcates  when  passing  through  the  two  sepanue 

paths  of  the  yoke  frame  ;  the  induction  b,  in  the  yoke  is  therefore 

??  +  /; 
equal  to     21   where  a,  is  the  area  of  either  half  of  the 


2  I 

2<J„ 


Hence  the  number  of  ampfere-turns  that  must  be  placed  00 
pair  of  coils  on  the  one  side  of  the  ring  is 

and  the  same  must  be  placed  on  the  op|>osite  pair  of  magnet- 
cores. 

If  such  a  dynamo  be  multipolar,  as  fig.  1 32,  and,  in  accordance 
with  the  symbols  of  p.  145,/ =  the  numtjerofpairsof  pdcsonooe 

side  of  tl)e  ring  =-,  the amptre  turns  on  the  poles  oj  one  sidco^ 
2 

the  armalUre=/\T.  and  the  total  nunilH-r  for  tin-   whdh-    n-a.-hirM- 
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In  the  case  of  the  single  magnet  with  divided  yoke  (fig.  128),  the 
area  of  each  half  being  a„  it  is  evident  that  the  number  of  ampisre- 
tums  on  the  pair  of  coils  is 

^  -=/•  (J) .  44-8 ^. . ./.+K.-./'(y .  /„+/(y .  /. 

and  when  the  same  magnetic  system  is  multipolar,  as  in  hg.  129, 

the  total  number  of  ampere-turns  =  /at. 

In  the  4-pole  field  of  fig.  1 30,  each  of  the  two  horseshoes  must 

be  wound  with  sufficient  amptre-tums  to  propel  z„  lines  through 

two  air-gaps,  half  z,  through  the  armature  core  from  s  to  n 
I  =/«  and  the  remaining  half  from  s  to  a,  and  from  n  to  by  i.e. 
I  through  /,  also.  The  original  equation,  therefore,  for  a  single 
^Kircuit  applies  exactly  to  each  horseshoe. 

^H  In  the  case  of  the  disc  multipolar  dynamo  (fig.  75),  which 
^Hlsually  has  no  iron  in  its  armature,  reckoning  /„  as  the  length  of 
^Kacii  air-gap  between  oppHSsite  poles,  each  pair  of  coils  must  be 
^Hround  with 


AT=-8  -• 
a. 


/.+x.../'(y.4+/(y 


I.. 


It  has  been  shown  on  p.  299  that  the  number  of  ampfere-turns 
"required  to  give  4,400,000  lines  through  the  armature  of  a  par- 
ticular dynamo  is  14,000  when  the  armature  current  has  its  full 
value  (i.e.  the  sum  of  62  amperes  in  the  external  circuit  and  about 
\  amiJ^es  in  the  shunt  circuit  of  its  field-magnet,  or  66  ampt;res  in 
II).     If  a  number  of  different  values  be  assigned  to  z,„  and  the 
(ipfcre-tums  required  in  each  case  be  determined  (always  on  the 
sumption  that  the  armature  current  has  its  full  value),  a  curve 
ly  be  plotted,  connecting  together  the  corresponding  values  of 
and  .\,  and  this  curve  may  be  called  the '  curve  of  magnetisation  ' 
■  the  p.Trticular  dynamo  for  its  full  current,  or  more  strictly  for  the 
Jl  value  of  its  armature  ampl-re-turns.     Curve  3  in  fig.  139  shows 
ach  a  full-current  curve  of  magnetisation  for  our  9"  x  12"  dynamo, 
,  bdng  maintained  throughout  at  its  full  value  of  66  amperes. 
de  correfponding  values  of  z„  and  x  may  either  be  worked  out 
the  same  methods  of   calculation   as   have   been  previously 
pplicd,  or,  if  the  machine  be  already  built,  they  may  be  determined 
tperimentally,  as  will  be  shown  later  :  in  either  case  the  brushes 
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^      are  throughout  assumed  to  be  adjusted  to  the  point  c 
^^      sparking,  and  the  abrupt  termination  of  the  curve  mar 
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^HRr  which  it  is  impossible  to  reduce  the  magnetisation  without 
causing  excessive  sjiarking  at  the  brushes.  If  we  further  carry 
out  the  same  process  for  a  different  and  smaller  value  of  c,„  say 
half  its  maximum  value,  or  33  amperes,  a  secoeid  curve  of  mag- 
netisation will  be  obtained  for  half-current  :  this  will  fall  higher 
than  curve  3,  inasmuch  as  the  back  amptre-tums  are  less,  and 
therefore  fewer  ampere-turns  are  retjuired  on  the  field  to  produce 
a  given  number  of  lines  through  the  armature.  Finally,  if  c^  be 
taken  as  =0,  there  is  no  reaction  of  the  armature-current  on  the 
6eld,  the  back  ampfere-tums,  x»,  are  zero,  and  the  highest  or  '  no- 
current '  curve  of  magnetisation  (i,  in  fig.  139)  is  obtained.  It 
should  be  observed  that  the  horizontal  distance  between  the 
curves  for  no-current  and  full-current  at,  say,  4,400,000  lines  is 
more  than  the  direct  value  of  the  back  ampere-turns,  viz.  580, 
inasmuch  as  these  latter  increase  the  leakage,  and  therefore  the 
ampfere-turns  required  over  the  iron  of  the  magnet  ;  further,  the 
horizontal  distance  between  curves  i  and  3  increases  as  the  total 
number  of  lines  diminishes,  owing  to  the  fact  that  with  the  weaker 
field  the  brushes  require  a  greater  forward  lead,  and  the  back 
amj>cre-tums  are  increased  even  for  the  same  \alue  of  c„.  The 
use  and  importance  of  these  curves  will  be  more  apparent  in  the 
next  chapter. 

The  method  by  which  the  field-magnets  of  dynamos  are 
excited  admits  of  several  variations,  according  to  the  sources 
whence  the  magnetising  current  is  derived  ;  and  these  will  be 
ned  in  the  following  chapter.  Apart,  however,  from  such 
ui.itK-nces  of  source,  it  remains  to  determine  the  necessary  gauge 
and  weight  of  copper  wire  required  for  the  winding  of  magnetising 
coils  which  are  to  give  a  certain  number  of  ampere-turns,  x  ;  these 
may  form  either  the  whole  or  a  jiart  of  the  total  number  of 
amixre-lurns  required  by  the  machine,  the  following  being  a 
general  solution  of  the  problem  applicable  to  all  cases.  The  data 
which  we  have  at  our  disposal  may  vary  in  different  cases,  but  in 
general  it  will  l>c  found  that  our  starting-points  will  be  a  know- 
ledge, direct  or  indirect,  of  (i)  the  voltage  that  will  be  applied  to 
the  ends  of  llic  wire,  and  (2)  the  mean  length  of  one  turn  of  the 
Knowing  the  thickness  and  width  of  a  rectangular  magnet 
■  MM  I.  ut  the  di&mctero/a  xoxxad  magnet-core,  it  U  taas  Xo  tsU\aa\t 
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fairly  closely  the  mean  length  of  one  turn  of  a  coil  encifl 
either  the  one  or  the  other  :  a  certain  allowance  must  be 
for  the  depth  of  the  winding,  by  reason  of  which  the  mean  ie 
of  a  turn  in  the  central  of  several  layers  of  winding  will  be  gred 
than  the  actual  perimeter  of  the  magnet  itself ;  and  the  corrcctn 
of  this  allowance  must  be  subsequently  checked  when  the  wi^ 
has  been  determined  on.  Experience,  however,  forms  an  I 
guide  on  this  point,  and  we  may  therefore  assume  that  the  m( 
length  of  one  exciting  turn  is  known  when  the  dimensions  o( 
iron  encircled  by  the  coils  are  known.  Let  this  mean  lengtt 
and  let  E,=the  voltage  which  will  be  applied  to  the  ends 
exciting  coils.  Let  <ii=the  resistance  in  ohms  of  unit  leng 
the  required  wire  at  a  certain  standard  temperature,  say  60" 
and  let  .a  and  T=the  two  factors,  the  magnetising  curre 
amperes,  and  the  number  of  turns,  by  which  the  cxcitatit 
is  obtained.  Then  the  resistance  of  the  magnetising  turns  at" 
standard  temperature  is=T  '  /,  x<d  ;  but,  as  explained  in  Ch 
XIV.,  when  a  current  is  passed  through  the  coils,  their  temfl 
ture  will  rise  until  the  rate  of  generation  of  heat  in  them  is  e^ 
to  the  rate  at  which  it  is  dissipated,  and  in  consequence  the  res' 
ance  of  the  magnetising  coils  when  they  have  attained  their  non- 
working  temperature  after  a  run  of  some  hours  will  be  higher  th 
their  resistance  at  starting.  In  order,  therefore,  to  find  the  resi 
ance  of  the  coils  when  they  are  at  the  maximum  temperati 
which  they  will  normally  attain,  it  will  be  necess.iry  to  multi 
their  resistance  at  60°  F.  by  some  coefficient,  k,  dependent  on  1 
rise  of  the  temperature  of  the  coils  m  working,  and  on  the  le 
perature  of  the  surrounding  atmosphere  from  which  that  ris< 
reckoned  ;  hence  k,=tx/,xu)x^  The  maximum  rise  of  I 
temperature  of  the  outside  of  the  coiLs  above  that  of  the  * 
rounding  air  will  depend  on  the  ratio  which  liic  cooling  surface 
the  coils  bears  to  the  rate  of  generation  of  heat  in  them  ;  hei 
from  a  knowledge  of  this  ratio,  and  also  of  the  temperature  of  | 
surrounding  air,  wc  ran  determine  the  maximum  terojHrd 
attained  by  the  out.sidc  of  the  coils.  The  value  of  k  will,  I 
ever,  vary  with  the  average  temperature  of  the  whole  mass  m 
coils,  and  will  therefore  depend,  not  only  on  the  inasfl 
temperature  of  their  external  surface,  but  also  upon  the  ^^1 
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the  winding.  To  give  an  idea,  therefore,  of  the  practical  value  of 
k  it  may  be  mentioned  that  in  an  ordinary  2-pole  dynamo  of 
alx)Ut  20  kilowatts  output  with  field-coils  i^  inches  deep,  ^  will 
be  about  1*15  if  the  maximum  temperature  attained  by  the 
outside  of  the  coils  be  about  50°  F.  above  that  of  the  surrounding 
>ir,  and  the  latter  be  assumed  to  be  60°  f. 


Now  A=??  :  therefore  x=at= -'  x  t 


_         E,  XT 
~TX/,  XmX^ 

=         ^'   . 

«=— ^'—  ; 
xx/,xk 

Hf  /,  be  reckoned  in  feet  and  w'  be  the  resistance  of  1,000  ft.  of 
the  required  wire 


,_E,  X  1000 
~  X  X  /,  X  ;i 


(»). 


^Vrhc  area  and  diameter  of  the  required  wire  having  a  resistance 
^Bki'  ohms  per  1,000  feet  is  easily  obtained  by  reference  to  any 
Htle  of  the  resistance  of  coppier  wires,'  or  by  direct  calculation. 
Copper  wire,  as  now  supplied  to  dynamo  manufacturers,  has  a 
conductivity  hardly,  if  at  all,  inferior  to  that  of  the  pure  copper  of 
Matthiessen's  standard  ;  and  the  resistance  at  60°  F.  of  1,000  feet 
of  a  No.  1  (Birmingham  or  standard  wire  gauge)  wire  of  100  per 

tt.   conductivity  is  -us  ohm,  its  diameter  being  -3  inch,  and 
Such  u  may  be  found  in  Munro  and  Jamieson's  Poiktt-lrook  of  Electrical 
If  and  TMe$,  p.  227,  6th  ed.     If  such  a  table  be  not  at  hand,  a  very 
'enicnt  memoria  technita  is  afforded  liy  the  fact  that  at  60°  F.  the  resistance 
of  1,000  feet  of  wire,  of  lOO  |>er  cent,  conductivity,  and  having  an  area  of  -09 
,  it  '09  ohm :  or  (he  resistance  of  a  wire  of  area  '05  square  I 


ly  -05  ohm  pet  100  yardt>. 


i  very 
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its  area  -0707   square    inch.     Hence   the  area  of  the  rcqiiil 
wire  =  -0707  X — f  ■=  — ^  square  inrh  ,  or  combining  this 
the  above  equation, 

area  of  wire  ='°°^'^^'^^'-'<* 


E,  X  1000 


(*y 


If  the  wire  is  to  be  rectangular,  the  two  dimensions  which  go  to 
make  up  this  area  may  be  chosen  to  suit  our  own  convenience  j 
winding  ;  but  if  it  be  round,  the  necessary  diameter  is 


y/4^  =  a/^'C^); 


whence 


(3 


From  the  above  formulae  it  is  evident  that  if  e,  and  I,  be  fix 
there  is  but  one  area  or  diameter  of  wire  which  will  satisfy  the 
equation   and  give  the  required  number  of  ampore-tums,  and, 
further,  that  this  area  or  diameter  is  entirely  independent  of  the 
actual  number  of  turns  in  the  coils.     This  result  may  :!• 
seem  surprising,  but  is  easily  followed  when  it  is  remen-  'i 

if  the  number  of  tunis  be,  for  instance,  doubled,  the  rcsistance^| 
the  coils  is  also  doubled,  which,  with  a  given  e„  halves  the  curr(^| 
through  them,  and  therefore  leaves  the  total  number  of  ampc^| 
turns  unaltered.  If  the  numljer  of  turns  be  doubled  by  windJ^| 
twice  as  many  layers  on  the  same  length  of  bobbin,  it  is  true  li^| 
4  is  increased,  since  the  depth  of  the  winding  is  doubled  ;  but  ^^k 
effect  of  this  upon  the  necessary  diameter  of  wire  is  n»ore  or  I^H 
counterbalanced  by  the  reduction  which  must  be  made  in  t^| 
value  of  k.  When  the  number  of  turns  is  doubled,  the  cune^| 
and  the  rate  at  which  it  generates  heat  are  halved  ;  more  th^l 
this,  the  cooling  surface  is  itself  increased,  owing  to  the  pcrimc(^| 
of  the  coil  iK-ing  greater  ;  and  therefore,  for  both   r^  '^f 

temperature  attained  bytiie  coils  will  be  Ichs  than  l>eforc.  ■^^ 

value  of  k  thus  almost  compensates  for  the  increased  value  of  /^H 

In  order,  therefore,  to  determine  the  actual  nn-  '■  -        "^^B 
which  must  be  used,  or  the  weight  of  wire,  the  ^k 
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or  diameter  of  which  has  been  determined,  't  is  essential  that  some 
other  factor  of  the  problem  be  known  to  us.  This  may  be  either 
the  number  of  watts,  p,  to  be  lost  in  the  field-winding  under  consi- 
deration, or  the  current  a  ;  the  latter  case  is,  in  reality,  identical 

With  the  foraier,  since  a  ^  — ,  and  in  many  cases  p  and  a  form 

p 

two  of  the  data  given  at  the  outset,  whence  e,  =  —    is    at    once 

A 

derived.  From  our  knowledge  of  p  or  of  a,  the  total  number  of 
turns  is  at  once  fixed  as 

X    _  XXE, 
A  ^' 


and  the  total  length  of  wire  required  is  tx/,  feet.  The  weight  of 
one  foot  of  a  No.  i  B.  or  S.W.G.  wire  is  -273  lb.,  therefore  the 
weight  of  wire  is 

w  =  Tx4x-273x  iI5; 
(1)' 

whence  by  simple  substitution 

w  =  T  X /.  X  -273  X  "5  X X  >< '-i<* 

EjX  1000 

=  ^x/.xo3i4y''^''^^ 

A  E,  X  1000 

_  x^x/*, xAx3-i4 
px  100,000 

ft  should  be  observed  that  if  our  object  is  simply  to  form  an 
estimate  of  the  weight  of  wire  required  from  the  above  data,  it  is 
unnecessary  to  first  determine  w,  or  the  actual  number  of  turns 
and  layers  of  the  wire.  The  final  settlement  of  the  winding  will, 
however,  require  the  latter  to  be  determined,  and  after  determina- 
tion of  the  number  of  layers,  it  will  be  well  to  check  the  correct- 
ness of  the  assumed  depth  of  winding  underlying  our  first  estimate 
of  /„  or  the  mean  length  of  a  turn.  It  may  be  worth  while  to 
mention  that  if  a  continuous  length  of  round  wire  be  wound  on  to 
a  bobbin  in  several  layers,  the  turns  of  the  second  or  any  subse- 
quent layer  do  not  bed  into  the  hollows  between  the  turns  of  the 
layer  underneath,  since  the  wire  has  in  each  turn  of  the  upjier 
layer  to  cross  over  the  turn  of  the  lower  layer  ■,  \\euce\l  d-V^^ 
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the  diameter  of  the  round  wire  with  its  insulating  covering 
be  the  number  of  layers,  the  depth  of  winding  is  n  (d+S). 
it  may  be  stated  that  the  round  wire  in  ordinary  use  for  tb 
winding  of  dynamos  is  double-cotton-covered,  the  thicknes 
covering  being  7^  mils  a  side,  or  15  mils  in  all  (i  m\ 
thousandth  of  an  inch) ;  while  for  rectangular  wires  it  is 
somewhat  thicker,  making  20  mils  in  all.    The  bobbins  or  r 
cores  on  which  the  wire  is  wound  are  insulated  with  severa 
nesses  of  shellacked  paper  or  calico,  and  their  end-flan, 
usually  further  provided  with  insulating  pieces  of  wood 
canised  fibre. 
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SERIES,    SHUNT,   AND   COMPOUND   WINDING 


f  the  principles  stated  in  the  previous  chapter  the  designer  is 
•bled  to  calculate  the  number  of  ampere-turns  required  to  excite 
!  magnetic  system  of  a  dynamo.  There  are,  however,  several 
Berent  methods  of  supplying  the  exciting  current,  and  since  these 
»e  different  effects  on  the  working  of  the  machine,  the  four 
principal  modes  require  to  be  considered  in  detail.  The  excitation 
pf  the  electromagnet  of  a  dynamo  is,  in  general,  effected  either  ( i )  • 
by  coils  forming  a  shunt  to  the  external  circuit,  the  dynamo  being 
then  known  as  a  'shunt'  machine  ;  or  (2)  by  coils  in  series  with 
the  external  circuit,  when  the  dynamo  is  called  a  '  series '  machine  ; 
01  (3)  by  both  shunt  and  scries  coils  in  combination,  a  method 
known  as  '  compound  winding  '  ;  or  lastly  (4)  by  coils  connected 
to  a  separate  source  of  current,  the  machine  being  then  said  to  be 
'separately  excited.' 

Ihe  excitation  of  a  machine  from  a  separate  and  entirely  ex- 
Icma!  source  of  electrical  energy  is  the  most  obvious  method,  and 
was  the  one  first  adopted  in  practice,  a  small  dynamo  with 
permanent  magnets  of  steel  being  used  to  furnish  current  for 
eliciting  the  field -magnet  of  a  larger  dynamo.  Fig.  140  shows  a 
separately-excited  machine,  the  electric  circuit  of  the  magnetising 
coils  lietng  entirely  distinct  from  the  circuit  of  the  main  dynamo  : 
latter  may  Ik:  either  an  alternator  or  a  continuous-current 
jimo,  as  in  the  diagram,  where  the  main  external  circuit  R,  is 
ated  by  incandescent  lamps  strung  in  parallel  across  from  the 
;  to  the  negative  lead.  The  source  of  the  magnetising 
IS  represented  by  a  battery  of  cells,  but  may  of  course 
well  be  a  separate  continuous-current  dynamo. 
The  second  step  in  the  order  of  development  vfas  vwaAe  vi\\«v 
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it  was  suggested  that  a  part  of  the  electrical  energy  gcnoralcd 
the  main  dynamo  might   be  used  to   maintain  or  increase 
magnetism  of  its  own  field-magnet.      This  was,    liowevrr,  on 
possible  if  the  machine  were   furnished  with  a  commutator 
which   the   current  was   commuted   into  a   steady  flow   in  oij 
direction,  and  was   thus  rendered  suital)le  for  magnetising  pu 


Fig.  t40. — Seixiratcly'Cjicilcd  dytuuno. 

Sses.    Two  distinct  methods  were  then  invented,  by  winch 
suggestion  was  realised. 

By  the  first,  magnetising  coils  were  arranged  as  a  shunt  to  the 
external  circuit  proi>er  ;  thus,  in  fig.   141,  from  the  brushes  of 
dynamo  two  paths,  R,  and  R„  are  presented,  and  the 
current   divides  into   two   portions,   the  relative   magnitudes* 
which  will  vary  inversely  as   the   resistances  of  R.  and  r,  ; 
the  one  portion  of  the  total  armature  current  flows  through  1 
external  circuit,  r.,  wherein  the  useful  electrical  energy  is 
fested,  the  other  is  shunted  tlirough  the  magncti.sinc  coilic, 
both  reunite  to  flow  through  the  armature.     Th<-  ,n 

shunt  is,  of  course,  the  same  as  that  on  the  extt-rn  1,  sig 

the  same  terminals,  A  and  d,  .^ervc  for  both.     If  the  resistance 
the  shimt,  R„  be  relatively  high  as  comimrcd  with  i 
proportion  of  the  total  energy  developed  will  1 
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R„,  and  the  external  circuit,  v.  (fig.  142).  A  portion  of 
pressure  developed  at  the  brushes  is  expended  in  the  ma 
coils,  and  the  remainder  is  available  for  useful  work  at  the  tcrmin 
A,  D,  to  which  the  external  circuit  is  ajjplicd.  If  the  resistance 
the  scries  coils,  R„,  be  low,  as  compared  with  the  resistance 
the  external  circuit,  the  percentage  of  energy  absorbed  in  the  I 
will  be  small  as  compared  with  the  useful  output,  and  hence,  in  I 
case,  the  series  coils  are  represented  in  our  diagram  by  a  few  tur 
thick  wire.  The  number  of  ami)i:re-turns  on  the  magnet  of 
dynamo  may  be  the  same  whether  it  be  shunt-  or  serics-wo 
since  in  the  one  case  a  small  current  flows  through  a  large  numl 
of  turns,  and  in  the  other  case  a  large  current  flows  through  a  I 
turns  ;  and  in  both  cases  the  amount  of  energy  absorl)ed  in  secur- 
ing any  given  number  of  ampcre-tums  is  simply  a  question  of  the 
amount  of  copper  in  the  field-coils. 

A  further  and  most   important  step  was  now  found  U>  be 
practicable,  viz.  the  self-excitation  of  the  machine,  whether    "^     " 
or  series- wound.    The  ficld-niagnet  of  a  dynamo  is  always 
magnetised,  even  whi-n  the  machine  is  not  running  :  it  may  then 
appear  to  be  perfectly  demagnetised  by  its  failing  to  attract,  say, 
a  bunch  of  keys  held  near  the  poles,  but  a  more  delicate  test 
will   show  that    both    wrought    and   cast    iron   retain   a    ■ 
amount  of  magnetism  (p.  222),  and  if  the  field-magnet  ' 
proached  with  a  small  compass  needle,  one  [wle  of  the  in 
will  attract  and  the  other  will  repel  tlie  N.  jKjle  of  thedeln.ii^ 
poised  needle.     Now  the  presence  of  this  fcel)lc  residual 
nctism  is  sufficient  to  start  the  process  of  self- excitation, 
it  implies  that  a  few  lines  of  induction  arc  passing  round 
magnetic  circuit  of  the  dynamo  through  the  armature,  even  wlj 
at  rest.    Hence,  when  the  armature  of  either  fig.  141  or  fig. 
rotated,  the  inductors  cut  the  lines  due  to  the  residual  naj 
and  a  small  E.M.r.  is  thereby  set  up  within  the  winding  of  ill 
armature.     If  the  brushes  are  '  down '  on  the  commutator,  and 
closed  circuit  is  thereby  made,  this  small  E.M.F.  sends  a  fccbk 
current  through  the  magnetising  coils  ;  the 
latter,  although  a.'S  yet  lJ>ey  may  he  small,  m 
the  ntimbcT  of  lines  passing  through  the  armature;  and  Iht 
thc>'  are  cut  by  the  inductors,  produce  an  increased  E.M.K. ; ' 
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[currcni  is  ihcrehy  in  turn  incre.isfil,  and  its  increase  is  again 
by  a  further  increase  in  tl>e  magnetisation  and  E.M.F. 
TIjas  ihc  niagnctism  gradually  grows,  the  increments  becoming 
less  and  less  as  the  iron  of  the  field -magnet  Ijecomes  more  and 
more  saturated.   The  time  taken  by  the  '  building-up '  process  will 
vary  from  a  few  seconds  in  a  small  machine  to  a  minute  or  more 
in  a  large  magnet,  but  after  a  short  time  a  small  increase  in  the 
exciting  current  produces  very  little  increase  in  the  induction  ; 
""    :"v,  for  a  given  speed  of  rotation,  the  voltage  and  exciting 
iit  reach  a  settled  state,  and  the  machine  will   run  for  any 
1  of  lime,  maintaining  its  own  constant  magnetisation.     Thus 
...^    ^ircsence   of  residual  magnetism   renders  it   unnecessary  to 
import  to  the   field  magnet  any  initial  excitation,  and  the  con- 
ns-current   machine    becomes    self-exciting    by    the    mere 
<  in  of  the  armature.     One  difference,  however,  between  the 
siiunt-  and  series-machine  will  be  apparent  from  their  respective 
dia;:Tams,     In  the  latter  ca.se,  the  external  circuit  must  be  closed 
lH:f..re  the  process  of  excitation  will  begin,  since  the  circuit  of  the 
oils  is  only  completed  through  the  external  circuit.     In  the 
._T  case,  if  an  external  circuit  of  very  low  resistance  be  closed, 
to  small  a  portion  of  the  feeble  initial  current  will  be  shunted 
.;h  the  magnet-coils  that   the  machine  may  fail   to  excite. 
■.-.  in  the  shunt  machine,  the  excitation  is  most  quickly  and 
.    obtained  if   the   external  circuit    be  left  open    until    the 
.....^i.ct  is  thoroughly  excited. 

It  only  remains  to  remark  that  even  when  a  machine  has  just 
from  the  workshops,  and  is  run  for  the  first  time,  there  is 
iv  sufficient  residual  magnetism  in  its  iron  to  enable  it  to 
excite  itself.  The  first  excitation  may,  however,  require  a  higher 
speed  than  will  be  subsequently  necessary,  and  in  cases  of  large 
shunt  machines,  running  at  slow  speeds,  separate  excitation  may 
»vc  to  be  resorted  to  in  the  first  instance. 
U'lien  once  the  machine  is  normally  excited,  and  is  running 
under  settled  conditions,  the  energy  spent  in  the  magnetising  coils 
i  '    converted  into  heat ;  but  during  the  process  of  creating 

I  lie  field,  a  certain  amount  of  energy  is  absorbed  which 

is  given  l«ck  as  the  field  demagnetises.     If  the  circuit  of  a  serics- 
Kound  dynamo  be  oi)ened  while  it   is  running,   the   stored-up 


4 
4 
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energy  reappears  in  the  form  of  a  spark  at  the  switch  ;  the  \ 
collapse  of  the  lines  of  induction  which  circle  through  the  lur 
the  field-coils  generates  a  high  E.M.F.,  which  tends  to  kct-p  i 
the  strength  of  the  current,  and  if  the  field  be  powerful  ai>d 
turns   encircling    it    be   numerous,   the   intensity   of   the 
becomes  very   considerable.      In    the  case   of  a    shunt-wou 
dynamo  the  opening  of  the  external  circuit  docs  not  interrupt ' 
flow  of  the  shunt  current  round  the  coils  ;  in  fact,  these 
themselves  afford  a  bye  pass  for  the  discharge  of  electrical  en 
Owing,  however,  to  the  large  numl)er  of  turns  in  the  shunt, 
effect  of  suddenly  breaking  the  magnetising  circuit  is  •; 
marked  than  in  a  series  machine.     Thus,  if  a  person  .".' 
lifts  the  brushes  of  a  large  shunt  machine  nmning  on  open  cir 
the  self-induced  E.M.F.  may  rise  to   thousands   of  volts, 
damage   the  insulation   of  the  machine,  and,  further,  may 
perhaps  a  fatal  shock.     If  the  machine  be  running  on  a 
circuit,  say,  of  incandescent  lamps,  the  person  would  be  less  I 
to  receive  such  a  severe  shock,  since  the  so-called  *  extra -cur 
is  discharged  through  the  external  circuit,  and  causes  the  lamps  \ 
momentarily  flash  up. 

The  application  of  the  fonnulie  of  Chapter  XV.  to  the  ■! 
of  the  field-winding  of  the  shunt  machine  is  easy.     XjO.  t,  t  _      . 
terminal  or  external  voltage  which  the  machine  is  required  to  gi?e 
when  supplying  its  full  external  current;  then  the  dllT 
{Mjtential  on  the  ends  of  the  shunt  is  likewise  e^  and  it  is  ■ 
sary  to  substitute  its  value  for  e,  in  the  equations  of  pp.  319-90 
in  order  to  determine  the  necessary  area  or  diameter  of  wire.     In 
order  to  further  determine  the  number  of  turns  and  weight  of  wire, 
it  is  necessary  to  know,  at  least  approximately,  the  rate  in  «atl»  at 
which  energy  is  to  be  expended  in  the  ficld-coils. 

While,  however,  the  necessary  size  of  wire  is  rigidly  1": 
mined,  there  is,  in  fact,  no  hard-and-fast  rule  for  decidm-  liit- 
weight  that  is  to  be  used,  and  this  must  be  left  to  the  dcsij^ncr's 
judgment.     If  a  large  quantity  be  used,  tlie  weiglit  and  cost  of  the 
machine  are    increased  (douhie-colton-covered  round  wire 
approximately  ;£, 4  percwt.),  while  if  a  smaller  quantity  be  t»«« 
heating  of  the   field-coils  is   greater,   nui' 
machine   is    decreased.      A   further  dis 
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wbcn  the  weight  of  copper  is  reduced  is,  that  there  is  a  greater 
diffetence  between  the  resistances  of  the  shunt  when  cold  and 
when  hot,  owing  to  its  rise  of  temperature  being  greater :  this 
difference  causes  a  difference  in  the  shunt  current,  and  therefore 
in  the  exciting  power  and  total  induction  produced,  so  that  when 
the  dynamo  runs  at  a  constant  speed,  the  E.M.F.  induced  is 
greater  at  starting  than  it  is  after  it  has  run  for  several  hours 
continuously,  and  has  attained  its  final  temperature.  If  the 
dynamo  be  suppl)-ing  incandescent  lamps  direct,  and  this 
difference  be  great,  it  will  necessitate  an  alteration  in  the  speed  of 
rotation  in  order  to  maintain  the  correct  voltage  on  the  lamps. 
The  settlement  of  the  rate  in  watts  at  which  energy  may  Ije 
expended  in  the  shunt  coils  depends,  therefore,  upon  their  allow- 
able heating  and  upon  the  efficiency  which  the  dynamo  is  to  have  : 
from  both  considerations  combined,  experience  enables  us  to  fix 
upon  a  preliminary  estimate  from  which  the  completed  design 
need  differ  but  little.  In  practice,  the  loss  of  energ)'  in  the  field 
of  a  shunt  machine  varies  from  about  v^  per  cent,  of  the  output 
in  a  loo-kilowatt  machine  to  7  or  8  per  cent,  in  a  4-kilowatt 
machine.  The  heating  question  will  be  more  fully  discussed  in 
Chapter  XVIII.     If  it  be  settled  that  p  watts  may  be  lost  in  the 

field- winding,  then  i'=e,  xc,  watts,  and  c,=  — ,  whence  the  resist- 

R. 
ance  of  tlic  shunt  and  its  composition  can  be  at  once  determined. 
The  preliminary  result  thus  arrived  at  should  only  require  such 
dight  revision  as  will  lead  to  the  winding   forming  a  complete 
number  of  layers. 

Thus  in  the  case  of  the  dynamo  of  p.  295,  £^=130  ;  assuming 
the  depth  of  winding  to  be  a  Uttle  under  i^",  we  can,  from  the 
given  dimensions  of  the  inagnet-core  (fig.  135),  determine  /.  to  be 
39"=3'2S  ft.,  while  if  the  temperature  attained  by  the  surface  of 
ihc  coils  be  about  45°  F.  above  the  normal  temperature  of  the  air, 
i  will  be  about  1M3.     Thence  by  equation  (i)  of  p.  319 


, 130x1,000        

■"14,000  X  3-25  X  1-13"^ 


2'S'. 


and  the  necessary  diameter  of  the  shunt  wire  is  •064", 

In  thi-  present  case,  the  overall  length  of  each  magnet  bobbin 
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will  be  lo",  and  the  cooling  surface  of  the  two  together  (■ 
plained  in  Chap.  XIV.)  may  he  reckoned  as  44x9^x1  = 
square  inches,  and  (as  will  lie  explained  in  Chap.  XVlII.)i 
allowance  of  alx)ut  460  watts  will  be  well  within  the  mark  as  regar 
the  heating  of  the  coils.  After  a  preliminary  trial,  wc  arrive 
winding  which  forms  a  complete  numl)cr  of  layers  as  follows  :  11 
diameter  of  the  double-cotton-covered  wire  will  Ijc  '064 -♦-•o^ 
=  •079",  and  after  allowing  for  the  insulating  flanges  at  citi 
end  of  the  'former,'  there  will  be  118  turns  of  wire  per 
With  seventeen  complete  layers  the  total  numlier  of  turns  on  the 
two  will  be  T,=4,oi2  ;  13,040  feet  of  wire  will  be  required,  and 
the  resistance  of  the  shunt  when  cold  will  be  i3'04  x  2-52  =  3i-86 

ohms;  or,   when   hot,   32'86x  ri3=37'i  ohms. 


c=y^^- 
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amperes,  and  x,=c,  x  t,=  14,000,  as  required.  The  watts  ex: 
in  the  field-coils  will  be  455,  or  nearly  5'}  per  cent,  of  the 
If  a  dynamo  be  run  at  a  constant  speed,  and  the  rcsii 
its  external  circuit  be  varied  so  as  to  alter  the  value  of  thecxi 
current,  the  curve  connecting  simultaneous  values  of  the  ttfrroi 
E.M.F.,  E„  and  the  external  current,  c„  for  a  given  speed  of  roi 
lion  is  known  as  the  '  external  characteristic  '  of  the  machine 
that  speed  ;  since   from  it  the  behaviour  of  the  machine  undi 
varying  conditions  of  load  can  be  graphically  studied.     The  volt* 
and  amperes  of  such  a  curve  are  usually  plotted  to  ' 
horizontal  distances  representing  amperes,  and  vlt, 
the  corresponding  volts.     These  two  may  either  l»c  obtained 
direct  measurement,  voltmeter  and  ammeter  being  t.  -'  '     ■■'    '■■■ 
taneously,  or  the  curve  may  be  derived  from  the 
curves  of  the  machine,  and  the  advant;ige  of  so  dciiving  it  1 
the  speed  during  the  tests  to  obtain  the  magncliaalion-cur\;^ 
varied,  and  does  not  require  to  be  kept  steadily  at  a  o 
value.     In  the  case  of  a  shunt-wound  machine  ih 
tcrnal  E.M.F.  and  cunent  will  be  found  to  take  tlu 
form  shown  in  fig.  143,  o  L  K  i;.     The  m.anncr  in  which  it 
derived  from  the  magnetisation-curves  has  noir  to  be  kx[ 
and  first  it  will  be  necessary  to  consider  the  proceu  by  whi 
three  cur\es  of  fig.  139  may  be  detemuned  by  direct  e: 
on  a  shunt-wound  dynamoc 
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Considering,  for  simplicity,  a  bipolar  machine,  the  total  number 
(lassing  tlirough  the  armature  is  z,,= 


lines  1 


E,,  X  to*  x6o 


NXT 


(p.  212), 


and  the  ami)i:re- turns  on  the  field-magnet  are  x,=c. XT..    c,=  - 

Vj  1)6  obtained  by  measuring  the  E.M.F.  at  the  brushes  and 

riding  it  by  the  resistance  of  the  shunt  ;  but  for  greater  accuracy 

|is  preferable  to  measure  it  directly,  since  tlie  resistance  of  the 

lunt  is  continually  altering  if  the  machine  is  in  process  of  warming 

during  the  tests.     In  a  shunt  machine 


Hence 


c, — c,+c,  :  E„ — E,,  +  C„R„J 
,_(VfC.R„)xio»x6o 

NXT 


Wlicn  the  external  circuit  is  open,  the  only  current  flooring  is 
that  through  the  shunt  As  a  rule,  this  is  so  small  that  c.R,,  may 
:  neglected,  and  e,,  and  E„  arc  practically  identical.  If,  therefore, 
^e  armature  be  run  at  different  speeds,  and  a  series  of  simul- 
taneous readings  of  the  speed,  the  E.M.F.  at  the  brushes,  and  the 
shunt  current  be  taken,  a  curve  can  be  plotted  fronj  the  readings 
which  will  connect  z^  and  x,  ;  and  since  the  armature  amptre- 
turns  due  to  the  shunt  current  alone  are  very  small,  their  influence 
_on  the  field  may  practically  be  neglected,  and  the  curve  thus 
ained  is  the  highest  or '  no-cunent '  curve  of  magnetisation  of 
1 39.  To  obtain  the  lower  curves  of  magnetisation  for  either 
ilf-current '  or  '  full-current,'  the  same  readings  must  be  taken  ; 
between  the  readings  at  each  different  speed  the  resistance  of 
external  circuit  must  be  altered,  so  that  when  the  measurements 
are  made  for  either  curve,  the  current  through  the  armature 
,=c,  +  c,)  has  the  constant  ralue  required. 


Since  e;.= 


z^  X  N  X  T 


60x10* ' 
ppt  constant ;  further,  x,=  ' 


Ri 


I 

I 

I 


it  follows  that  e^  oc  z,„  if  the  speed  be 
XT.,  whence   e„  or  the  potential 


BTcrence  applied  to  the  terminals  of  the  exciting  coils,  is  cc  x, 
aen  r,  is  constant,  as  it  is  when  a  machine  has  been  running 
le  time,  and  has  attained  a  steady  temperature.  If,  therefore, 
ic  magnetisation -curves  of  fig.  139,  these  can  Ik  con- 
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verted    into   curves  connecting  armature    E.M.F.   and   exnnnf 
voltage  svhen  some  fixed  speed  is  assumed.     The  fuU-Iinc  cutva 


20         i^O  60  80         iOO      Ce 

Fio.  14J.— ChanctcriiUc  curve  of  sbuiil-wouiiil  ilyiuniu. 

of  fig.  144  show  the  ctmcs  of  fig.  139  thus  converted  on 

SUliiJitiOn    lh.1t  in  mir  o"  y  xj''  (Ivn.itiin  ttu-  nimibcr  of 


S£/t/£S,   SHUNT,  AXP   COMPOUND    WINDING    ^n 

lactors  is  234,  the  number  of  shunt  turns  4,0 12,  and  their  rcsist- 
te  37-1  ohms,  and  thai  the  constant  speed  of  rotation  is  to  be 
3  rc^'olutions  per  minute.  Curve  i  connects  e;,  or  e»  and  e, 
en  Ca=o.     Curve  2  connects  e„  and   f.^  when  c„  has  the  value 


il  amptrcs),  and  curve  4  connects  e„  and  v.,  when  c„=a.j 

anijjtrcs).     From  curve  2  is  obtained  the  dotted  curve  3, 

nnccting  e,,  and  e.  when  c„=a,  amperes,  by  deducting  from  the 

dinales  of  curve  2  the  loss  of  volts  over  the  armature  resistance 

n.^mi  :  in  fact,  the  vertical  distance  between  curves  2  and 
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=  3"S.  c,=  nearly  66 


3  is  throughout  equal  to  a,xk..  (09x33=3)  volts.     Simil 

from  curve  4  is   derived  curve  5,  connecting  e,  and    E,  wr 

c,=Aj,  or  66  amperes.     Now,  since  in  a  shunt-wound  machine  1 

is  the  same  as  v.„  those  points  on  curve  5  (such  as  L  or  k)  I 

which  the  ordinate  E,,=  the  abscissa  E,  are   the   only   values 

voltage  which  the  machine  would  give  when  run  at  the  fixed  spe 

with  Aj  amperes  flowing  through  the  armature ;  and  in  general 

those  points  on  any  cur\'e  connecting  e^  and  e^,  for  which  ordir 

and  abscissa  are  equal,  give  the  only  possible  values  of  the  tcrDoii 

E.M.F.  for  the  particular  armature  current     Deducting  the  sbo 

current  from  the  total  armature  current,  we  obtain  the  cxi 

,  1 70  volts 

current :  thus  at  point  k,  c,=  -•' — j —  = 

37' I  ohms 

pferes,  and  therefore  c,=62's  and  e..=  130  are  simultaneous  valo 

of  external  current  and  terminal  voltage.    Ail   such  points 

necessarily  passed  through  by  the  straight  line  o  h,  which  is  dia* 

at  an  angle  of  45°  from  the  axis  of  abscissae,  as,  e.g.,  k  and  l,] 

and  M,  u  and  o  ;  and  after  deduction  fur  the  shunt  current,  the 

may  be  plotted  as  part  of  the  external  characteristic,  as  shown 

the  corresponding  letters  in  the  full-line  curve  of  fig.  143, 

It  will  be  seen  from  fig.  143  that  for  the  shunt-wound  ruachi^ 

running  at  any  one  fixed  speed  there  is  a  maximum  \-;iluc  for 

external  current,  beyond  which  it  is  impossible  to  go.     Owing  1 

the  heat  which  would  be  generated  in  the  armature  winding  by 

long-continued  passage  of  this  maximum  current,  it  may  Ij*, 

usually  is,  impossible  to  work  the  machine  at  the  {)oint  of  mxLximu 

current  :  apart,  however,  from  the  question  of  the  heat  da 

the  winding,  it  is  for  another  reason  inadvisable  to  work 

to  this  point.     It  will  l)e  seen  from  fig.  143  that  the  charac 

curve  after  rounding  the  point   of  m.aximum  current  de 

very  mpidly  and  almost  in  a  straight  line  lt>  liic  origin,     llms 

the  diagram,  the  part  o  y  is  practically  a  straight  line,  ami 

implies  that  for  an  external  rcsi.suince,  -^■*,  the    terminal    E.3 

O.V 

and  the  external  current  may  have  any  value  between  nought 
qy  volts  and  noiij;ht  and  fi.r  amperes  ;  the  m.ichine  nwy  thcrefa 

give  widely  dilTt-rent  voltages  at  diflercnt  times,  alt' -'-in 

at  exactly  tfic  same  speed  on  the  same  external  n 
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tagnctism  of  the  field  is,  in  fact,  unstable,  owing  to  the  voltage  on 
be  shunt  not  being  sufficient  to  duly  magnetise  the  iron  ;  hence,  if, 
^working  near  the  point  of  maximum  current,  the  resistance  of 
Ktemal  current  becomes  lowered  to  a  value  considerably  below 
which  corresponds   to  the  maximum  current,  the  machine 
cs  its  magnetism  altogether,  and  the  voltage  runs  down  to  zero, 
piactiail  importance  of  this  is  that  if  a  shunt-wound  machine 
accidentally  short-circuited  when  at  work,  or,  in  other  words,  if 
is  reduced  practically  to  =  o,  the  armature  winding  is  not  burnt 
by  the  continued  passage   of  an   abnormally  large  current ; 
•  machine,  on  the  other  hand,  becomes  demagnetised,  and  gives 
current,  although  the  driving  engine  may  race  at  a  high  speed 
aless  held  by  a  governor.     Neither  will  a  shunt-wound  machine 
if  an  external  circuit  of  abnormally  low  resistance  l)c  closed. 
It  it  is  imharmed  if  an  accidental  misconnection  of  the  leads 
has  resulted  in  its  terminals  being  short-circuited.     For  every  value 
the  external  current  except  the  maximum  there  are  two  values 
'the  external  R.M.F.,  and  which  of  the  two  E.M.F.'s  is  obtained 
ends  entirely  upon  the  resistance  of  the  external  circuit :  this 

is  equal  to  —  =  tan  «,  or  the  slope  of  the  line  to  any  ■oqxtA,  p, 
c, 

the  curve  when  K,  and  c,  are  plotted  to  the  same  scale,  as  usual 

5.  143).     The  slope  of  the  full-line  cuitc  between  l  and  o  marks 

critical  resistance  of  the  external  circuit  for  a  speed  of  790 

volutions  per  minute  ;  if  it  be  reduced  below  this  value,  the 

icfainc  will  fail  to  excite,  or  its  magnetism  will  at  least  be  unstable. 

For  each  constant  speed  the  same  shunt-wound  dynamo  gives 

different  external  characteristic.     Thus,  in  fig.  143  the  dotted 

re  ihows  the  external  characteristic  of  the  same  dynarno  at  a 

instant  speed  of  880  revolutions  per  minute,  instead  of  790,  and 

^will  be  seen  that  at  the  new  sp)eed  the  output  may  be  raised  to 

ind  nearly  80  amperes,  provided  that  considerations  of 

>J  sparking  do  not  forbid  it.     In  short,  the  higher  the 

the  le.NS   is   the  slope  of  the   descending  branch    of  the 

or,  in  other  words,  the  smaller  is  the  critical  resistance  which 

•external   circuit    may   have,    without   the   dynamo   losing  its 

agnelism. 

Insijl»iUty  '«f  th<'  inaj;nelism  requires  to  fie  carefully  guarded 
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against  in  the  design  of  self-exciting  dynamos.  It  «rill  be  s«ai  I 
figs.  143  and  144  that  the  unstable  portion  of  the  curve 
L  and  o  is  obtained  if  the  total  induction  for  which  the 
is  designed  falls  on  the  initial  straight  portions  of  the  cur 
fig.  J  39,  where  they  descend  rapidly  towards  the  axis  of  ab 
and,  in  general,  if  the  working  number  of  lines  falls  low  do 
the  curve  of  magnetisation,  the  magnetism  of  the  machine  as  a 
self-exciting  dynamo  will  be  unstable.  Even  if  the  tl-- 
magnetism,  a  very  slight  variation  of  the  speed  will  cj' 
variation  in  the  E.M.F.— a  result  which  is  always  undesirable,  and 
especially  so  if  the  machine  be  feeding  lamps  directly.  Thua,  in 
the  case  of  a  shunt-wound  machine,  suppose  that  its  speed  is  raised 
slightly  ;  the  increased  E.M.F.  causes  an  increase  in  the  cur 
through  the  shunt,  which  will  again  increase  the  induction 
the  E.M.F.,  and  the  lower  down  the  curve  of  magnetisation  ( 
the  machine  is  worked,  the  greater  is  the  effect  of  any  \ 
the  shunt  current  upon  the  E.M.F.,  owing  to  the  m.i_ 
less  saturated. 

A  further  disastrous  consequence  of  designing  a  shunt-woo 
machine  to  work  on  the  initial  straight  portion  of  the  magnetisati<l 
curves  is  that,  even  when  the  external  circuit  is  ojxrn,  it  may  nei 
became  properly  excited  when  run  at  the  normal  speed  for  wlik 
it  is  designed.     Just  as  excitation  begins,  the  magnet  reaches 
slate  which  satisfies  all  the  conditions  of  speed,  A:c.,  and  th-" 
cess  stops  abruptly.     Hence,  if  the  designed  ami">{:rc-tums 
shunt  do  not  corresi)ond  to  an  induction  well  up  on  the  magn 
isation  curve,  the  machine  may  entirely  fail  to  reach  its  due 
lion  when  started  at  its  normal  speed.     It  is  therefore  cxtr 
important  in  designing  a  machine  which  is  to  bccoii 
shunt  to  work  fairly  high  up  on  the  magnetisation  c. 
139  ihe  best  ixjrtions  cjf  the  curves  whereon  to  work  tail  withm  I 
horizontal  lines  marking  four  and  five  million  lines  re»fiectiv 
(corresponding  to   a   working  range  from  O   to  R    on    the 
raclcristic   rurvc   fif  fig,    143).     These  porti' 
lie  on  the  bund  or  knee  of  the  cur^'e,  but  it  1 
that  the  apparent  position  of  this  bend  depends  largely  on 

relative    scile   to    which   lines    and   amj>c-ri  • '    ■ 

Another  advantage  of  working  high  up  the  ■• 
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[ice  of  the  ampere-turns  of  the  shunt  when  hot  and  when  cold  I 
produces  but  small  effect  upon  the  induction  and  E.M.F.  off 
he  machine,  since  the  magnet  is  well  saturated.    Also,  the  vertical  ] 
listince  between  the  no-current  and  full-current  curves  decreases 
as  the  total  induction  is  increased,  so  that  the  variation  in  E.M.F. 
of  the  machine  between  full  load  and  no  load  is  small  when  the 
magnet  is  strongly  excited.     If,  however,  the  working  induction 
be  taken  too  higli,  a  large  amount  of  copper  will  be  required  on  fl 
{he  field,  and  if  for  any  reason  the  actual  curve  comes  below  the  ^ 


any 
redetermined  curve,  it  may  be  practically  impossible  to  rewind 
be  magnet  so  as  to  obtain  a  greater  induction 

It  will  already  be   apparent    that   much-  information  can  be 
obtained  from  the  shape  of  the  characteristic  curve  of  the  dynamo  | 
in  the  case  of  a  shunt-wound  dynamo  run  at  a  constant  speed,  wc 
see  that  its  E.M.F.  is  highest  when  the  external  circuit  is  open, 
and  the  only  current  flowing  is  that  through  the  shunt.     When 
the  external  circuit  is  closed,  and  the  armature  current  is  swelled 
by  the  addition  of  an  external  current,  not  only  does  the  loss  oJ 
jlts  over  the  resistance  of  the  armature  progressively  increase  as 
Be  armature  current  increases,  but  the  demagnetising  effect  of 
»e  back  annature  amptre-turns  increases.     Hence,  not  only  does 
l»e  exciting  voltage  at  the  brushes  of  the  dynamo  fall,  but  the 
ignetisation  due  to  a  given  number  of  shunt  ampere-turns  is 
creased.     Owing,  therefore,  to  the  combined  effect  of  the  two 
tuses,  viz.  the  increase  of  the  back  ampere-turns,  x,,,  and  the  loss 
r  volts  over  r„  the  characteristic  gradually  falls  throughout  the 
itire  working  range  of  the  dynamo.      If,  however,  the  armature 
be  of  low  resistance,  the  drop  in  volts  for  any  current  within  the 
working  range  will  be  but  small,  and  consequently  the    shunt- 
lound   dynamo   may    in  such  cases   be  practically  regarded  as 
nng  a  nearly  constant  voltage  when  run  at  a  constant  speed. 
In  order  to  regulate  the  voltage  of  a  shunt  machine,  it  is  usual 
to  insert  in  scries  with  the  magnet  winding  a  rheostat  or  resistance 
the  coils  of  which  can  be  successively  thrown  into  or  out  of  the 
shunt  circuit.     Since  the  exciting  current  for  a  given  voltage  at  the 
bf  uslics  is  thereby  reduced  or  increased,  the  voltage  of  the  machine 
ran  he  lowered  or  raised  by  small  steps.     Less  often  the  speed 
is  altered,  or  both  methods  are  used  in  conjunction 
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Shunt-wound  dynamos  are  chiefly  used  for  charging  accumil 
lalors,  and  for  electrolytic  or  clectro-mctallurgical  work.    For  sue 
purposes  they  are  esiiecially  suited,  since,  if  the  E.M.F.  at  th 
dynamo  becomes  less  than  the  E.M.F.  of  the  cells,  or  electrolytic 
baths,  the  direction   of  the  current   round   the   shunt   retnaii 
unchanged,  .although   the  current  through  the  armature  will 
reversed,     The  result  is  that  the  machine  runs  as  a  motor  in 
same  direction  as  it  did  when  acting  as  a  generator,  and  thcr 
opposes  a  back  E.M.F.  to  the  discharge  from  the  cells  :  this  1 
E.M.r.  prevents  the  flow  of  a  large  current  which  might  bum 
the  armature  and  also  deteriorate  the  cells. 

Large   continuous-current    dynamos  for  central-station  wo 
which  supply  current  at  low  pressure  to  a  network  of  mains,  i 
also  usually  shunt-wound.     The  voltage  at  the  station  end  of 
feeders  to  the  network  is  in  such  cases  conveniently  regulated 
means  of  rheostats.     For  the  direct  lighting  of  incandescent  1 
in  smaller  installations,  shunt-wound  dynamos  are  not  so  suitab 
owing  to  the  necessity  for  constant  attendance  in  order  to  rcgufa 
their  E.M.F.  according  to  the  load,  if  a  constant  voltage  is  to  be 
maintained  on  the  lamps.     They  are,  however,  frequen: 
conjunction  with  accumulators,  and  in  such  cases,  by  tj 

supplementary  resistance  in  the  shunt,  they  arc  arranged  to  i 
accunmlators  during  the  day  up  to  about  1 30  volts,  and  at  ntghtl 
work  in  iiarallel  with  the  battery,  lighting  incandescent  lamps  | 
100  volts,  the  speed  under  the  two  conditions  l)eing  maintain 
at  nearly  the  same  value. 

Arc   lamps  are   in   many  cases   run   in    parallel    from  shtl 
machines,  but  in  each  parallel  a  steadying  resistance  is  usua 
required.     More  often,  however,  arc  lamps  are  connected  inscr 
and  fed  from  a  series-wound  dynamo,  giving,  say,  10  amperes  .ind 
any  E.M.F.  up  to  about  3,000  volts.     By  this  arrangement, 
only  is  any  necessity  for  steadying  resistances  avoided,  but 
weight  of  cop|x;r  in    the    line  is   reduced,  since  the 
voltage,  the  less  the  weight  of  coppet  ie<iuired  for  a  gi^ 
age  loss  in  the  line.      At  high  voltages,  the  recjuired  diameter  | 
wire  for  a  shunt-winding  becomes  very  small,  and  fine  ^  ■■ 
only  expensive  in  itself,  but  the  time  and  trouble  of  v. 
great  length  of  it  which  u  required  become  very  couattlera 
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ice  high-vollage  machines  are  usually  series-wound,  and  the 
lum  E.M.F.  for  a  machine  which  has  all  or  part  of  its 
lion  provided  liy  a  shunt-circuit  may  be  set  at  about  500 


[The  deterininaiion  of  the  field- winding  for  a  series  dynamo 

3ws  the  same  lines  as  in  the  case  of  a  shunt  machine,  save 

now  the  magnetising  current  and  number  of  turns  are  fixed, 

the  necessary  size  of  wire  has  to  be  determined  from  the  per- 

sible  loss  of  watts  in   the   field.     Thus,  if  it   be   desired    to 

ilvcrl  our  9"  x  12"  dynamo  into  a  series- wound  machine  without 

pration  of  the  annaturc,  then,  while  the  full  armature  current 

jmes  available  externally,  the  E.M.F.  at  the  terminals  will  be 

than  the  E.M.F.  at  the  brushes  by  the  loss  of  vults  over  the 

|es- winding,  i.e.  approximately  by  about  5  j  per  cent.  ;  the  output 

cfore  may  be  fixed  at,  say,  125  volts  and  65  amperes,  at  a  speed 

30  revolutions  per  minute.    Thcami')iTe-turns  required  on  the 

in  order  to  give  4,400,000  lines  through  the  armature  and 

[internal  E.M.F.  of  i37'3  volts  will  be  14,000,  as  before.    The 

Itwable  loss  of  watts  over  the  field-winding  being  assumed  at 

DUt  415,  the  voltage  between  the  ends  of  the  series- winding  is 

=6*4,  and  the  resistance  of  the  '  main,'  as  the  series  coils  are 

en  called,  will  be  when  warm  r„=-—'*=o985.   The  necessary 

of  wire  is  by  equation  a  (p.  320) 

_*oo8i  xxx/. xA_"oo8i  X  14000  X3'25  xi*i3 

1000  X  K,  (ooo  X  6'4 

=•065  sq.  in. 

further  have    x=i4ooo=c,i„,    whence 


14000  ^^^^ 


. 


irly. 

Ab  a  round  wire,  the  necessary  diameter  will  be  so  large  as  to 

er  it  troublesome  to  wind  ;  hence  it  will  be  better  to  adopt  a 

sper  siri|>  of  rectangular  section,  and  we  are  at  liberty  to  select 

a  width  and  thickness  as  will  give  a  whole  number  of  layers, 

will  render  it  easy  to  wind  on  flatwise.     Such  dimensions 

•325"  X  '200''  double-cotton-covered  to  '345"  X  -220"  :  four 

each  of  27  turns,  will  give  108  turns  011  each  magnet  bobbin, 
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ot  216  in  all.     Owing  to  the  rectangular  section  of  the  wire, 
space  is  wasted  tlian  if  it  had  been  round,  and  the  dtfith  of  i 
series-winding  will  not  he  so  great  as  that  of  the  shunt-winding  1 
p.  330  ;    hence,  if  greater  accuracy   were   retiuircrd,  the   vala 
assigned  to  /,  and  k  should  be  slightly  modified,  but  for  1 
work  the  al>ove  result  will    hardly   re<iuire   further   cor 
Ha\-ing  regard  to  the  close  packing  of  the  rectangular  wire,  ad 
the  consequently  reduced  cooling  surface,  a   somewhat   smaD 
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Fic.  14s.— QunctcriMic  curv>  of  ttrio-wouml  iljrnaino. 

expenditure  of  watts  in  the  field  was  in  the  first  instance  assv 

for  the  series- winding.     The  actual  weight  of  ■ 

in  the  two  cases  is  practically  the  same  ;  it 

more  in  the  series  than  in  the  shunt  machine,  and  due  lo  this 

efficiency  of  the  former  is  slightly  the  greater. 

The  external  characteristic  of  the  atiovc  dvnamrt  when 
[wound  for  a  speed  of  800  rcvolutior. 

[145.     It  mayl>e  derived  from  the  nia„   .. - .     .:  ., 

tl»c  following  manner.     Taking  any  current,  C|,  multiply] 
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ihe  numlicr  of  turns  in  the  series-winding,  and  then  find  on 
e  magnetisation-cune  for  the  particular  current  C|  the  z„  cor- 

onding  to  the  exciting  power,  CiT„.    Thence  e„  s^" ^^^ "* 

60  X  10* 

n  be  determined  ;  the  loss  of  volts  over  the  resistance  of  the 

aturc   and  series  winding  =  c,  x(r.  +  r„),   so    that   e,    cor- ■ 
sjxjnding   to   a   \^luc   of  c„=c,   is    f,.,— c,  (r,  +  r„),   and   the  ■ 
irrcsponding  point  on  the  external  characteristic  can  be  plotted, 
ext  take  another  value  for  c,,  and   in  the  same  way   find  the 
rresponding  value  of  e.^  and  so  on  until  sufficient  points  have 

n  obtained  to  draw  in  the  curve.    Of  course,  if  we  only  have  fl 

"•  or  four  magnetisation -curves,  it  will  be  necessary  to  inter- 
olalc  or  add  other  curves  in  order  to  determine  the  characteristic 
bn)ughout  a  large  range  of  current.     Thus  the  curve  for  |ths 

full  current  will  fall  approximately  midway  between  the  curves 
Br  half  and  full  current,  but  slightly  nearer  to  the  former  ;  the 
ack  ampcre-tums  of  the  armature  are  less  at  three-quarters  than 

full  load,  owing  to  the  decreased  current,  and  the  proportion  of 

akage  is  thereby  decreased,  but,  more  than  this,  the  lead  of  the 

|)rushes  may  be  slightly  decreased,  and  therefore,  on  both  grounds, 

le  effi-'ct  on  the  field  is  to  cause  the  J  curve  to  fall  nearer  to  the 

»lf-  than  to  the  full-current  curve. 

The  shape  of  the  exiernal  characteri.stic  for  a  series-wound 
^ynanio  is  widely  diflferent  from  that  for  a  shunt  machine.  Since 
be  external  current  is  also  the  magnetising  current,  it  resembles 

the  main  a  curve  of  magnetisation.  It  will  be  seen,  however, 
bat  after  a  certain  point,  a  (fig.  145),  is  reached,  the  terminal 
L.M.F.  decreases  as  the  external  current  is  increased.  This  fall 
■  the  external  characteristic  is  due  to  the  loss  of  volts  over  the 
sistance  of  the  armature  and  series  winding,  and  to  the  demag- 
etising  cflTect  of  the  back  ampere-turns  on  the  armature.  The 
wmer  loss  is  directly  proportional  to  the  current,  while  the  effect 

the  back  ampere-turns  increases  somewhat  faster  than  the 
arrent  On  the  other  hand,  when  the  magnet  is  approaching 
Uuration,  if  the  external  current  is  increased,  the  increase  in  the 
jlal  induction  is  by  no  means  proportional  to  the  increase  in 
be  exciting  power  of  the  field  ampcre-tums.  Hence  the  induced 
LM.F.  rises  less  and  less  r.npidly  as  the  current  is  increased,  and 
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after  a  certain  point  the  increase  in  the  indmeii    1'  ''f 
not  so  much  as  compensate  for  the  increased  loss  (..fvnl; 
resistances  of  themachine ;  ihee.xtemalcharacteristiccunrethe 
attains  a  maximum  height,  and  thence  bends  gradually  downwaj 

The  external  characteristic  at  any  other  speed  is  obtained 
simply  altering  the  height  of  the  ordinatcs  in  proportion  lo 
alteration  of  the  constant  speed. 

Series-wound  dynamos  are  chiefly  used  for  the  electric  tr 
mission  of  large  powers  over  considerable  distances. '  ele 
traction  being  included  under  this  head  ;  and  also,  as  has 
already  mentioned,  for  high-jwlential  arc  lighting.  For  this  btl 
purpose  the  drooping  external  characteristic  is  a  distinct  adv 
tage,  and  the  series-wound  arc-lighter  is  frequently  worked  on  i 
part  of  the  curve  marked  a  n  in  fig.  145.  For  the  proper  workid 
of  arc  lamps  a  nearly  constant  current  is  required,  which  implies  1 
the  E.M.F".  on  the  series  of  lamps  must  be  varied  in  proporti 
to  the  resistance  which  at  any  moment  they  pre.scnt.  Now  if 
resistance  of  any  one  or  more  lamps  be  decreased  owing  to 
carbons  being  fed  together,  or  if  a  lamp  be  entirely  cut  out  of 
circuit,  the  momentar)'  increase  in  the  external  current  is,  in 
case  of  a  series-wound  dynamo  working  on  a  falling  characterisd 
accompanied  by  a  decrease  in  the  terminal  volts  :  this  hel()s 
bring  the  current  back  to  its  normal  strength,  and  although  it 
not  be  sufficient  to  make  the  machine  entirely  self-regubting 
for  constant  current  at  varying  potentials,  it  tends  in  the 
direction,  and  leaves  less  for  the  automatic  constant  cunvm  re 
lator  to  do. 

Series  dynamos  are  unsuitable  for  charging  accumulaton,i 
if  by  any  chance  the  E.M.F.  of  the  machine  be  Allowed  to 
below  the  E.M.F.  of  the  cells,  the  latter  send  a  r.  ' 

through  the  dynamo  :  this  reverses  the  field-magri' 
sequently  the  direction  of  the  machine's  E.M.F.     The  rr- 
that  both  dynamo  and  cells  act  in  series  round  a  circtiit  of  ■ 
negligible  resistance,  and  generate  a  current  which  increase- 
either  a  safety  fuse  is  milted  or  armature  and      " 

While  a  series-wound  dynamo  may  tie  m.. 
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jximatcly  constant  current  at  varying  pressure  by  working  it  on 
drooping  portion  of  its  characteristic,  it  has  been  shown  that  a  — 
ihunt-wound  dynamo  with  armature  of  low  resistance  will  give  an  ■ 
I^Bpproximately  constant  voltage  over  a  considerable  range  of 
^Knrrent.  This  latter  requirement,  which  is  the  essential  of  direct 
^Bicandescent  lighting,  is,  however,  much  more  nearly  fulfilled  by 
^^jc  '  coniiX)und-wound '  dynamo  (fig.  146),  to  a  consideration  of 
which  we  now  pass.  If  a  dynamo  be  shunt-wound  to  give  a 
crtain  voltage  at  no  load,  and  the  magnet  be  in  addition  wound 
ith  a  certain  number  of  '  main  '  turns  connected  in  series  with 


I 


Fig.  146. -Compound-wound  dynamo. 


Ktcrna]  circuit,  then,  as  the  load   is  increased  the  current 
ring  through  the  series  turns  will  progressively  increase  the 
ng  power.     Now  this  increa.se  in  the  exciting  power  may  be 
not  only  to  lalance  the  increase  in  the  back  ampere-turns, 
more  load  is  thrown  on,  but  further  to  increase  the  total  indue- 
on  through  the  armature.     As  a  consequence  the  induced  K.M.F. 
iocrcased,  and  when  properly  proportioned  this  increase  may  be 
ie  to  exceed  the  loss  of  voltage  over  the  series  turns,  and  in 
lition  to  compensate  for  the  increased  loss  of  volts  over  the 
nature  resistance.     Thus,  while  the  armature  E.M.K.  rises  with 
load,  the  terminal  E.M.F.  remains  practically  constant,  how 
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ever  the  current  be  varied  o\-er  a  very  considerable  raage. 
external    characteristic   is  therefore    practically  a  straight 
throughout  the  entire  working  range  of  current.    In    1  ound 

wound  dynamo  the  shunt  may,  in  fact,  be  regardi.. 
a  certain  initial  magnetisation  and  voltage  :  these  latter  arc  main- 
tained and  reinforced  against  the  combined  causes  which  tend 
to  reduce  them  by  means  of  the  series  turns,  the  exciting  power 
of  which  varies  directly  with   the  current. 

The  connections  of    a  comj)ound-wound  dynamo  may  h^ 
arranged  in  two  slightly  different  ways,  shown  diagranunatically  i 
fig.    147.    By  the  first,  which  is  al.so  shown  in   fig.   146,  and 
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known  as  the  '  short-shunt '  winding,  the  .shunt  is  placed  across  I 
brushes  of  the  machine,  and  the  E.M.F.  acting  on  it  is  %,-. 
-(-c,K„,  the  current  flowing  through  the  main  l)cing  - 
external  current,  c,.     By  the  second,  or  '  long-shunt '  w  1    :    ^ 
shunt  is  placed  across  the  terminals  of  the  extcmsl  circuit ; 
E.M.F.  acting  on   it  is  then  e„  while  the  whole  ai  m 

c„=c,  +  c,  flows  tl)rough  the  main.     Of  the  two  nu  .e 

i.t  the  more  common,  but  their  practical  difference  is  not  vt 
important.     As  regards  the  winding  of  the  two  sets  of  ma 
coils  on  the  magnet  bobbins,  it  is  purely  a  matter  of  coc 
whether  the  main  l>c  wound  over  the  shun:  ? 

A  constant  speed  and  a  required  co  havr 


I 
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aciily  assumed  above  for  the  compound-wound  dynamo  ;   but 

_iuch  arc  not  in  strictness  the  ordinary  conditions  of  working,  and 

must  therefore  be  designed  to  meet  the  more  usual  working 

Dnditions.     When  a  dynamo  is  driven  by  an  engine,  and  forms 

.  considerable  portion  of  the  load  on  that  engine,  the  greater  the 

utput,  the  slower  will  be  the  speed  of  the  engine,  even  if  it  be 

eerned  for  approximately  constant  speed.      The  difference  of 

ed  between  full  and  no  load  on  an  electric-light  engine  varies  ; 

but  it  should  not  exceed  5  percent,  of  the  no-load  speed.   Further, 

if  the  dynamo  be  belt-driven,  there  will  be  extra  slip  of  the  belt  at 

full  load,  which  will  diminish  the  speed  of  the  dynamo ;   the 

ilowanceof  5  per  cent,  variation  may,  how^ever,  be  taken  to  cover  ^ 

lis  further  reduction.     Apart  from  this  mechanical  lowering  of  fl 

|[^8peed,  there  is  also  the  electrical  loss  of  volts  over  the  main 

between  the  dynamo  and   the   lamps,  which  increases   in 

irect  proportion  to  the  current  passing.     If,  therefore,  a  constant 

stential  is  required  at  the  far  end  of  the  line  (as,  for  example,  in 

house   with    loo-volt   incandescent  lamps  run  direct  from  a 

Jynarao  placed  at  some  distance)  the  dynamo  must  give  a  terminal 

S.M.F.  of,  say,  105  volts  when  supplying  full  current  in  order  to 

JIow  for  the  loss  of  potential  over  the  leads.     When,  however,  ■ 

t>nly  a  few  lamps  are  burning,  the  dynamo  must  give  little  morq 

ban   100  volts,  and  for  any  external  current  between  zero  and 

he  maximum,  the  external  E.M.F.  must  be  between  100  and  105 

oils.      Hence   in   such  a  case  the  compound-wound   dynamo 

oust  give  a  higher  E.M.F.  at  full  load  than  at  light  load.s,  and  that 

a  lower  speed.     The  desired  external  characteristic  is  thus  a 

traight  line,  not   horizontal,   but  slightly  inclined  upwards,  or, 

i  it  is  termed,  the  dynamo  is  to  be  '  over-compounded.' 

Let  us  suppose  that  the  9"  x  12"  dynamo  of  p.  295  has  to  be 

ipounded  to  fulfil  the  following  conditions  :  at  650  revolutions 

cr  minute,  e,=  io5  volts  when  c,=62  amperes,  and  at  680  rcvo- 

jtions  E,=  too  when  c,=o,  i.e.  the  voltage  is  to  rise  by  5  volts  while 

!ic  speed  drops  about  4^  per  cent,  as  the  load  is  increased  from  ■ 

BO  current  to  full  current. 

To  give  the  required  voltage  at  no  load,  z„  must  be  3,770,000, 
id  from  the  no-current  curve  of  fig.   139  we  see  that  the  shunt- 
rindini;  must  then  give  x,,  =9,620  ampere-turns.     At  full  load, 


I 
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)  allowing  a  loss  of  nearly  6  volts  over  the  armature  resistances' 

before),  and  of  iS  volts  over  the  series-winding,  we  find  that  the 

P  induced  E.M.F.  must  be  1128  volts  ;  the  total  number  of  lines  tol 
give  this  E.M.F.  must  be  4,450,000,  requiring  a  total  excitation  of  d 
t  little  over  14,000  ampere-tums,  say  x=i4,i2o.  At  full  load  lbe| 
exciting  voltage  on  the  shunt  is  io6-8,  if  the  machine  has  a  'short- 
shunt  winding,"  and  the  ampere-turns  due  to  the  shunt  are  then 
Tl 
lOi 
up 
to 


Eto       ,         io6'8 
x.,  =  x,,  X  ''*=o62ox    -— =  102; 

En  100 


he  anr^re-tums  which  the  series-winding  must  jiroduce  at  full 
load  ar*^  .therefore  x— x,j=i4t2o—  10270=3850,  and  the  number 

of  series-turns  is  t_=  "=-^- 5?=62 . 
c,       62 

Assuming  that  a  loss  of  about  445  watts  in  the  field  is  derideii 

upon,  we  have  still  to  settle  the  question  of  how  many  watts  arc 

to  be  lost  in  the  shunt  and  how  many  in  the  series  or  main 

in  order  that  the  total  weight  of  wire  used  may  be  a  minimi 

That  the  total  weight  will  vary  with  the  distribution  of  the  I 

energy  between  the  shunt  and  series  coils  is  evident  if  we  consi 

the  extreme  case  in  which  all  the  watts  are  lost  in  the  one  poi 

•and  none  in  the  other  ;  then,  while  the  one  has  a  definite  wei; 

the  copper  in  the  other  must  be  infinitely  great,  so  that  the  totjl 

weight  required  will  be  infinitely  great.     It  can  be  shown  that  the 

most  economical  distribution  is  to  make— ?=  -.  or,  which  is  the 

I'.      x.' 

same,  to  make    '=--' and    "=   ",'  where  p,  and  r.  represent  I 
p       X  p        X  ^ 

watts  to  be  lost  in  the  shunt  and  main  respectively.     We 

'  Neglecting  any  difference  in  the  price  of  the  two  kiiult  'A  r"f«j»»T  i 
To  allow  for  differences  in  ihc  lengths  i«f  a  turn  nf  the  ->! 
for  differences  of  Ictnjjerjture,  according  ns  the  one  4r»  (. 

ide,  the  above  formula  may  be  modifiod  to 
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tive  at  the  result  that  the  watts  lost  in  the  shunt  should  be 

3ughly=44S  x      i,  or  about  325,  and  the  watts  lost  over  the 
14120 

main  about  1  so. 

k'I'lie  mean  lengths  of  a  turn  f)f  the  shunt  and  series  coils  will 
slightly  different  aecording  as  they  form  the  inner  or  the  outer 
ers  of  the  roil  ;  and  also  their  temperature  coefficients  will  vary 
slightly,  the  outer  layers  being  less  hot  than  the  inner.  Assuming 
both  shunt  and  main  to  be  equally  divided  between  the  two 
bobbins,  and  the  main  to  be  wound  on  the  outside  above  the 
riiant,  the  mean  length  of  a  shunt  turn  will  be  37I",  anj  that  of 
•  series  turn  42"  or /,=  3"i5  ft.,  /„=3'5  ft.,  while  k  anH  .,4_^  may 
be  estimated  at  ri4  and  fi  respectively.  We  are  now  in  a 
ftsition  to  definitely  determine  the  winding.  The  necessary 
Rsisiance  of  1,000  ft.  of  the  shunt  wire  is  by  equation  (i),  p.  319, 


It 

■nd  ine 1 


,  too  X 1000 

<d=- =29, 

9620x3-15  xi'i4 


le  necessary  diameter  is  '060".  When  double-cotton-covered 
U*  '0751  there  will  be  j  24  turns  per  layer,  and  if  there  are  14  layers 
^Keach  bobbin,  T,  =  3472,  r,  =  316,  or,  when  hot,  36  ohms; 

^Bnc 

|..c 


100 


ice  c,,  = — —  =277,  and  c,.^  =2-96.     Hence,  under  the 


36 
l-load  condition,  p,  =  320  nearly. 
At  this  point  it  will  be  advisable  to  refer  back  to  the  data 
ft.<:sumed  above,  so  as  to  verify  the  correctness  of  our  allowances 
for  the  loss  of  volts  over  the  armature  and  series  winding,  and 
of  our  estimate  of  /,  and  /,„  as  affected  by  the  depth  of  winding. 
The  shunt  current  being  now  determined,  it  will  be  found  that  the 

tof  volts  over  R.  will  be  hardly  6  volts.  On  the  other  hand, 
s  of  only  i"8  volts  has  been  allowed  for  the  main,  while  the 
isiiblc  loss  of  walls  may  l>e  as  much  as  125,  corresjionding 
to  2  N-olts.  We  may  therefore  assign  19  volts  to  the  main, 
and  can  proceed  to  determine  its  necessary  area  (from  p.  320),  viz. 

•0081  v  3850  X3"s  X  i"i  ,  1 

■*  ^       J^i-2 —  :=  -063  sq.  mch. 

1000  X  1-9 

>f  rectangular  section  and  wound  in  one  layer  of  31  turns  on 
bi  lx>bbin,  the  width,  wliith  when  double-cotton-covered  to  a 
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thickness  of  20  mils  will  form  a  complete  layer,  is  'JTS'', 
the  required  thickness  of  the  copper  is  therefore  "jjo". 

Although  a  dynamo  may  compound  perfectly  at  full  and  no 
load,  it  will  not  do  so  with  equal  accuracy  at  intermediate  poinC 
This  is  due  partly  t6  the  magnetic  curves  being  rounded  betwe 
the  working  points  of  no  and  full  load,  as,  e-g.^  between  the  limits] 
3,750,000  and  4,450,000  lines  in  fig.  139,  and  partly  to  the 
that  the  hack  ampere-turns  at  half  current  are  somewhat  less  tb 
half  the  back  ampl-re-turns  at  full  current,  and  those  at  <|i; 
current  less  than  half  of  those  at  half  current,  and  so  on. 
effect  of  these  two  causes  is  seen  in  fig.  148,  which  shows  a  jw)rti( 
of  the  magnctisalion-cur\'es  of  fig.  139  on  an  enlarged  scale, 
no  load  (or  practically  no  load)  the  working  point  of  our  compoutt 
wound  dynamo  is  c,  and  at  full  load  f  ;  since  the  length  t;  K 
the  increase  in  the  ampere-turns,  when  the  current  is  increoseti  ( 
to  full  load,  the  increase  in  the  ampere-turns  at  half  load  vn'Il  j 

GH   =  — ,  and  the  corresponding  z^  on  the  half-current  cur 

H  L.    But  for  perfect  compounding  only  HM  lines  are  then  reqair 
and  the  result  is  that  theK.M.F.  is  rather  higher  than  it  shod 
be  :  this,  of  course,  increases  the  shunt-current,  and  the  excessj 
E.M.F.  is  thereby  rendered  even  greater.    The  terminal  E.M 
is  higher  than  is  required,  not  only  at  half  load,  but  at  all  Ic 
between  zero  and  the  maximum.    The  excess  of  E.M.F.  is  rougH 
proportional  at  any  point  to  the  vertical  distance  l)etwcen  the  1 
line  c  I.  F  and  the  dotted  line  c  m  f,  from  which  it  will  l>e 
that  it  is  greatest  at  about  half  load.     In  order  to  minimise 
imperfection,  a  compound  machine  should  be  worke<l  as  fcwj 
possible  on  the  upj>er  part  of  the  magnetisation -curves  ;  the  higB 
the  working  limits,  the  flatter  and  more  horizontal  do  the 
liecome ;  and  the  effects  of  the  unequal  spacing  of  the  in 
mediate  curves,  and  of  the  increase  of  the  shunt-exi  ' 
lessened.     But  in  slow-speed  machines,  as,  t-g.,  an    . 
dynamo,  running  at  150  revolutions  per  minute,  the  |>CTncnti 
loss  of  volts  over  the  resistances  of  the  armature  and  main  1 
amount  to  about  8  f>cr  cent  of  the  terminal  voltage  (6  per 
in  the  armature,  and 
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1  also  a  decrease  in  speed  of  the  engine  at  full  load  of  5  per 
:.,  it  will  be  found  lliat  z„  at  full  load  is   rii  x  105  =  I'l; 


the  no-load  z„.     In  such  a  case  it  is  practically  necessary 
ilic  rn.K  liine  on  the  rcjuiuled  knee  of  the  magnetisation- 
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curve,  since  to  work  higher  up  would  require  an  excessive  amouc 
of  main  wire.     It  results  that  slow-speed  machines   aiid  thd 
which   have  to  compound  over  a  large  range  of  E.M.F.  alt 
compound  more  or  less  imperfectly,  and  tlie  terminal  E.M.F. 
any  current  between  \  and  \  of  full  load  may  lie  from  3  to  4  | 
cent  too  high.     In  machines  running  at  rjomparatiyely  high  spct 
the  voltage  should  not  exceed  the  recjuired  amount  by  more  th 
3  per  cent.,  even  at  the  point  of  greatest  difference. 

Differences  of  temperature  considerably  affect  the  pcrfec 
of  the  compounding  of  a  dynamo  :  if  it  be  worked  on  the  lK>nrln 
portion  of  the  curve  at  no  load,  and  if  the  temperature  of 
field-roils  rises  during  working  50°   or  60'    F.,  the  nuchinc. 
designed  to  compound  when  hot,  will  give  too  high  a  voltage 
no  load,  and,  in  general,  as  the  temperature  of  the  dynamo  change 
the  relative  value  of  the  shunt-  and  series-turns  is  altered, 
effects  can  he  conif)cnsated  by  in.serlinga  small  variable  rcsis 
in  the  shunt-circuit,  which  can  be  gradually  short-circuited  as 
dynamo  warms  up  during  working. 

The  field  winding  of  sei>arately-excited  machines  am  beat  on 
calculated  from  the  formul.-e  of  pp.  319,  320.    Such  machines, 
never  unstable,  since  the  excitation  is  maintained  from  an  extc 
source.     Sejiarate  excitation  is  most  used  in  the  case  of  allemato 
and  in  machines  which  have  to  yield  a  high  E.M.F.  of  ovei  30?* 
volts,  and  a  variable  current. 


CHAPTER   XVII 

SPARKING,    AND   THE   ANGLE  OF    LEAD 

ho  have  had  practical  experience  of  the  working  of  dynamos 

ow  th.it  in  bi-  or  multi-polar  machines  giving  a  continuous 

,  the  brushes  by  which  the   current    is  collected  are  so 

anted  as  to  permit  of  their  being  shifted  round  the  cyhndrical 

pe  of  the  commutator  at  least   through  some  small  angle. 

■  will  also  be  aware  that  if  the  position  of  the  tips  of  the 

les,  as  they  press  on  the  commutator,  be  not  properly  adjusted, 

csult  will  be  '  sparking  at  the  brushes.'    Tlie  nature  of  these 

;s  is  similar  to  the  sparking  which  occurs  on  breaking  circuit 

iwitch  :  they  are,  in  fact,  a  succession  of  small  arcs  between 

}TUsh   and   commutator  segments   caused    by   the   sudden 

ing  or  breaking  of  certain  closed  paths  in  which  at  the  time 

>ening  a  current   is   flowing.     As  regards  the  detrimental 

of  such   sparking,   a  certain   difference   must    be  drawn 

sen  the  cases  of  closed-coil  and  open-coil   armatures  :  its 

;ncc.  however,  always  implies  a  waste  of  energy,  and  tends  to 

en  the  life  of  the  commutator,  so  that,  even  where   least 

ous,  its  suppression,  so  far  as  possible,  is  always  desirable. 

presence  or  possibility  of  sparking  at  the  brushes  is,  in  truth, 

rpeculiar    bane    of    continuous-current    bi-    or    multi-polar 

lamos,  as  contrasted  with  alternators  ;  thecurrent  of  the  latter 

y  require  to  be  collected  by  brushes  or  rubbing-contacts  such 

lave  been  shown  in  many  previous  diagrams  ;  but  the  nicety  of 

ustment  required  by  the  brushes  of  bi-  or  multi-jwlar  con- 

lous-current  dynamos,    if  sparking    is    to    be   minimised   or 

iicly  avoided,  is  a  disagreeable  characteristic  of  their  whole 

»,  and  is  entirely  due  to  the  presence  of  the  commutator  as 
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opposed  to  the  simple  collecting  rings  of  the  alternator, 
requirement  that  the  brushes  of  the  continuous-current  dyr 
should  be  properly  adjusted  by  no  means  expresses  the  full  cxU 
of  the  disadvantage  ;  more  than  this,  the  exact  position  which  i 
tips  of  the  brushes  should  have  on  the  commutator  de{>ends  I 
the  amount  of  the  current  or  load  on  the  armature,  and  heO 
their  setting  further  requires  to  be  varied  to  meet  changes  of 
load.     If  the  load  on  a  dynamo  were  never  altered,  the  position 
the  brushes  might  be  accurately  adjusted  once  and  for  all,  and  | 
that  position  they  might  be  fixed  ;  but  the  conditions  of  ordii 
working  are  by  no  means  those  of  constant  load,  and 
quently  it  must  be  possible  to  shift  the  position  of  the  brush-tjp 

Ixiaving  for  the  present  the  consideration  of  sparking  ia 
dynamos  with  open-coil  armatures,  let  us  first  deal  with  the  case 
of  closed-coil  armatures.  In  all  such  machines,  if  the  position  of 
the  brushes  be  incorrect,  a  row  of  sparks  will  appear,  Itapa 
across  between  the  commutator  and  the  lips  of  the  brush 
These  sparks  may  be  small,  bluish-white  in  colour,  and  comp 
tively  harmless,  or  if  the  inexactness  of  the  adjustment  lie  i 
siderable,  they  may  be  of  a  reddish  colour  and  extremely  riolc 
But  in  either  case,  if  allowed  to  continue,  they  will  sooner  or  1 
pit  the  surface  of  the  commutator  segments,  destroy  their  smc 
ness  and  evenness,  and  heat  the  brushes.  Once  started, 
mischief  grows  apace  ;  the  commutator  lx."comes  untrue  and  wo 
into  deep  and  rugged  grooves  ;  increased  sparking  is  caused 
the  'jumping'  of  the  brushes  as  they  pass  from  segment  to 
segment,  and  perhaps  the  tips  of  the  brushes  become  |iartiall]r 
fused  :  thus  the  commutator  is  gradually  eaten  away  until  iu 
state  is  past  all  remedy.  To  check  the  evil,  it  is  w 
continually  trim  the  brush  lips  and  'true  up '  the  xurr.. 
commutator  by  turning  it  in  a  lathe,  and  these  oftentepeaied  pd 
cesses  result  in  a  greatly  reduced  life  of  both  commutator 
brushes. 

Sjwrking  in  closed-coil  armatures  is  tluTcfore  an  w 

evil,  to  be  overcome  almost  at  any  cost,  and  the  pc-    ^ 

moving  the  brushes  so  that  the  position  of  their  tips  may 
adjusted  to  suit  the  load  on  the  armature  l  * 

It  must  furilicr  be  pofesiblc  to  do  this  casi 
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chine  is  running  and  without  in  any  way  interrupting  the 
ge  of  the  current.  In  the  2-poIe  dynamo  this  is  effected 
l>y  mounting  the  brushes  on  two  arms  projecting  horizontally 
from  a  cast-iron  '  rocking  bar '  or  lever.  This  latter  is  made  in 
two  pieces,  bolted  together  so  as  to  fit  into  a  groove  turned  in 
the  surface  of  the  bearing  next  to  the  commutator  ;  it  is  then 
locked  in  position  either  by  a  set  screw  or  more  usually  by  a 

ng  screw  which  clamps  the  two  halves  together  and  causes 

to   closely   embrace   the   turned    portion  of  the   bearing. 
Through   holes  at  opposite 

of   the    rocking   lever 

project  two  gun-metal 
spindles,  entirely  insulated 
from  the  iron  by  means  of 
ebonite  dr  boxwood  bushes, 
rigidly  held  in  position 
means  of  nuts  ;  the  brush 
boxes  which  hold  the  brushes 
are  threaded  on  the  spindles 
and  firmly  screwed  in  place 
(fig.  149).  Each  brush  box 
is  fitted  with  a  sjjring,  by 
vbich  the  brushes  are  kept 

d  down  on  the  com- 
Lir,  and  also  with  a 
'hold-off  catch,  by  which 
the  brushes  are  held  when 
their  tips  are  raised  off  the 
pinching  screw  of  the  rocker  is  slightly  loosened,  the  whole  can 
be  swung  round  concentrically  with  the  cylindrical  commutator 
by  means  of  a  handle  or  handles  on  the  lever.  In  large  multipolar 
machuics,  using  as  many  sets  of  bnishes  as  there  are  poles,  the 
rockcT  takes  the  more  complicated  shape  of  a  star  t'rame,  through 
the  projecting  rays  of  which  the  insulated  brush  spindles  pass, 
and  it  i.>  then  usual  for  the  shifting  to  be  effected  mechanically  by 
means  of  a  worm  gearing  into  worm-wheel  teeth  on  a  sector  of  the 


Fig.  149.  ~  Hni&bes  and  rocking-biu'. 

commutator  surface.     When  the 


I 


The  exact  nature  of  the  process  by  which  a  section  of  the 
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winding  is  'short-circuited  '  in  a  closed-coil  aniKitun;  tias  intiii.-r 
only  been   generally  described.      It    has   l)cen  shown   thnt   the 
brushes  must  be  placed  so  that  they  sum  up  the  K.M.F. 
rated  in  the  sections  forming  one  of  the  two  or  more  paralkL   .™^ 
which  the  winding  is  divided,  and  at  the  same  time  so  that  tl^| 
short-circuit  each  separate  section  when  it  is  passir  <^| 

mately  through  the  neutral  gap  between  the  jToles,  an' i  j(fl 

fore  little  or  no  E.M.F.  generated  in  it.  Hence,  if  the  licld  be 
bipolar,  their  position  will  be  at  opposite  ends  of  a  diameta^ 
corresponding  roughly  with  a  pMjsition  of  the  short-circuited  e<^| 
between  the  poles  or  on  a  line  at  right  angles  to  the  gcne^f 
direction  of  the  field.  This  preliminary  description  now  re<:|uilfl 
to  be  further  amplified.  ^| 

If  the  reader  refers  to  any  diagram,  such  as  fig.  97  or  fig.  i^H 
it  will  be  evident  that  in  any  closed-coil  armature,  whether  rmg-^| 
drum-wound,  in  a  bipolar  or  a  multipolar  field,  the  exact  posit^| 
relatively  to  the  poles  which  the  loops  or  coils  of  the  windnP 
occupy  at  die  time  when  they  are  short-circuited  depends  upon 
■  he  position  of  the  tips  of  the  brushes  as  they  rest  upon  ||H 
commutator,  and  that  it  is  this  position  of  the  short-circuiletl  a^k 
which  is  in  effect  altered  by  shifting  the  brushes  l>ackwards^| 
forwards  round  the  circle  of  the  commutator  .segments.  It  i^| 
here  not  be  out  of  place  to  point  out  that  the  relative  iiosuioB^I 
the  line  of  the  brushes  on  the  comniut.itor  and  the  line  p<un^| 
through  the  short-circuited  coils  on  the  annature  core  depends  H 
the  method  by  which  the  coils  are  connected  to  the  commDta|^| 
segments  ;  if  the  lugs  connecting  these  arc  straight,  the  two  nH 
coincide  in  a  ring  machine,  and  so  also  in  a  drum  luachinc,  unli^ 
the  connection  be  made  with  the  end  connectors  nearly  at  ihdf 
centre.  Such  coincidence,  however,  although  usual,  is  not  nec|M 
sary,  and  in  some  machines  the  commutator  lugs  kk  twit^H 
round  in  order  to  bring  the  brush  line  into  a  ni'  ^^^^1 

position.     The  line  of  commutation  must   thcr<.  '4^^l 

understood  to  refer  to  the  actual  [losition  of  the  sbon-cixcu^H 
coils  on  the  armature  cure.  ^| 

Considering  any  one  sectioti  of  the  armature  winding  (wbdlH 
a  single  loop,  or  a  coil  of  many  looi)s),  t<  ^H 

to  a  commutator  segment  at  either  end,  i  _™;^B 


which  first  enters  under  the  edge  of  the  brush  the '  leading '  segment 
of  the  coil,  and,  similarly,  that  edge  or  comer  of  a  pole-piece  under 
which  a  coil  first  enters  after  passing  through  the  gap  between  two 
pole-pieces  the  'leading  '  edge,  these  being  opposed  respectively 
to  the  'trailing'  segment  and  the  'trailing'  edge  or  corner.' 
First,  suppose  in  fig.  97  that  the  brushes  are  shifted  slightly  back- 
wards against  the  direction  of  rotation  ;  then,  in  the  ring  armature, 
e»ch  section  of  the  winding,  when  short-circuited,  say  by  the 
upper  brush,  is  brought  into  a  position  where  it  is  still  just  moving 
in  the  field  under  the  N.  pole-piece,  and  the  passage  of  the  coil 
through  this  field,  even  though  it  be  weak,  will  generate  an  E.M.F. 
in  the  same  direction  as  that  of  the  other  coils  under  the  N.  pole- 
piece.  Similarly,  the  coil  short-circuited  by  the  lower  brush  will 
be  moving  through  the  field  under  the  S.  pole-piece.  So  also  in 
the  drum  armature,  the  short-circuited  loops  will  each  be  moving 
through  a  field,  producing  an  E.M.F.  in  the  same  direction  round 
them  as  that  which  was  induced  in  them  immediately  prior  to  their 
je  under  the  brush.  Now  the  time  during  which  a  coil  is 
-circuited  will  depend  upon  the  width  of  the  brush  and  the 
ed  of  rotation,  and  is  usually  but  a  small  fraction  of  a  second. 
Thus,  with  a  50-pari  commutator  and  brushes  having  a  normal 
width,  equal  to  the  width  of  one  and  a  half  segments  plus  one  and 
a  half  strips  of  insulation,  the  time  of  short-circuiting  is  less  than 
•0015  second,  with  a  speed  of  1,200  revolutions  per  minute.  Butdur- 
,  the  brief  time  for  which  the  short-circuit  lasts,  the  E.M.F.  gene- 
I  within  the  limits  of  the  short-circuited  section  is  acting  round 
Ingle  coil  of  very  low  resistance,  the  ends  of  which  are  closed  by 
practically  negligible  resistance  of  the  brush  contact  surface  : 
ttce,  even  though  the  E.M.F.  acts  only  for  a  short  time,  and  be 
elf  small,  amounting,  perhaps,  to  no  more  than  one  volt,  or  even 
I,  it  will  very  quickly  raise  the  current  which  the  coil  is  carrying  to 
lue  perhaps  several  hundreds  of  ampl-res  in  excess  of  the  normal 
rent  carried  by  the  other  coils  between  the  brushes.  Immediately 
trwards,  as  rotation  is  continued,  the  leading  segment  of  the 
pi  emerges  from  under  the  leading  edge  of  the  brush,  and  the 
should  then  carry  the  normal  current  flowing  through  the 

Bjr  some  writers  these  terms  are  used  in   an  exactly  opposite  sense,  tnit 
!  above  use  appears  preferable  to  the  authors. 
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other  coils  {e.g.  in  a  bipolar  dynamo,  half  of  the  total 
current),  but  in  a  direction  the  reverse  of  that  which  it  for 
had.  Now,  the  large  current  set  up  during  the  short-cii 
cannot  die  away  instantaneously  by  reason  of  the  self-indue 
of  the  coil.  The  cunent-turns  of  the  coil  induce  lines 
through  the  iron  of  the  armature,  or  partly  through  the  air  and 
through  the  iron  of  the  field-magnet  ;  and  these  lines  of  inductifl 
when  their  supporting  current  diminishes,  collapse  Ujxin  the  Ic 
of  the  coil,  generating  a  self-induced  E.M.F.,  which  tends  to  ke 
up  the  strength  of  the  short-circuit  current.  Directly,  thercfo 
that  the  short-circuit  is  removed,  the  opposing  curraits  of  the 
single  section,  and  of  tliat  half  of  the  winding  which  it  is  about  to 
join,  meet  and  combine  to  maintain  the  continuity  of  the  circuiti 
which  they  were  previously  traversing  :  this  they  do  liy  means  i 
sparks  passing  between  the  trailing  edge  of  the  segment  which  I 
just  emerged  from  under  the  brush  and  the  Up  of  the  brush  its 
The  result,  therefore,  of  short-circuiting  sections  of  t}je  wind 
while  an  E.M.F.  is  still  induced  in  them,  similar  in  direction' 
that  of  the  coils  which  they  are  leaving  on  the  trailing  side  of  the' 
brush,  is  that  destructive  sparking  ensues  ;  in  other  words,  the 
section  must  not  be  short-circuited  while  still  moving  through  the 
field  due  to  the  trailing  corners  of  the  poles. 

Now  the  lines  of  the  field  entering  into  or  leaving  the  annati 
core  shade  off  in  denscness  more  or  less  abruptly  as  we  p 
from  l^neath  a  pole-piece  into  the  gap  which  separates  it 
neighbouring  pole-piece  ;  hence,  if  this  interpolar  gap  be  of 
siderable  width  as  compared  with  the  interferric  gap  betw« 
iron  of  the  pole  piece  and  the  iron  of  the  armature  core,  wc  \ 
after  passing  through  the  fringe  of  lines  which  extends  bcye 
pole-tip,  enter  upon  a  region  of  more  or  less  width,  ii 
so  few  lines   that  it  may  practically  be  regarded  as 
neutral  space  of  zero  field.     Let  us  next,  therefore,  suppose 

our  brushes  are  so  set   that   the  coils  when  short-t-- ' 

moving   through  this  neutral  space,  that  is,  so  tliat  t! 
of  commutation  coincides  with  the  *  neutral  X  i\g  lii^  t« 

fields.     Again,  the  current  which  is  carried  nl  when . 

two  segments  have  both  entered  under  a  brush  will  not 
tancously  die  dowti,  its  time  of  disappearance  depending 
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self-induction  of  the  coil  ;  should  it  last  out  the  brief  time  during 
Vhich  the  coil  is  short-circuited,  the  consequences  will  be  the  same 
before  with  our  first  setting  of  the  brushes.      But  even  if  the 
iod  of  short-circuit  be  sufficiently  long  to  allow  of  the  complete 
disappearance  of  any  current  in  the  coil,  there  will  none  the  less  be 
sparking.     As  before,  when  the  short-circuit  is  removed,  the  coil 
is  called  upon  to  carry  the  normal  current  in  a  reversed  direction  ; 
at,  again,  by  reason  of  its  self-induction,  this  new  current  cannot 
;  instantaneously  started  and  raised  to  the  full  value  required  ;  the 
starting  of  it  will  itself  generate  a  back   E.M.F.,   opposed  to  the 
ew  direction,  and  preventing  any  sudden  increase.     Hence  the 
»ter  part  of  the  normal  current  of  the  coils  which  it  has  now 
Roined  will  be  forced  to  maintain  its  former  path  to  the  brush  by 
■leaping  from  the  rear  edge  of  the  leading  segment  to  the  brush-tip 
1  a  rush  of  sparks. 
But  now  let  the  brushes  be  shifted  forwards  in  the  direction 
of  rotation,  so  as  to  bring  the  short-circuited  coils  into  a  position 
in  advance  of  the  neutral  line.     Assuming  this  latter  to  coincide 
with  a  vertical  line  drawn  symmetrically  between  the  poles,  our  case 
is  illustrated  by  fig.  97,  where  the  coil  short-circuited,  e.g.  by  the 
'."::  :  r  brush,  is  slightly  in  advance  of  the  vertical  diameter,  and  is 
noving  in  the  fringe  of  lines  under  the  S.  pole-piece.     Then 
Be  ]u$sagc  of  the  coil  through  this  field  will  generate  a  reversed 
.M.F.  overpowering  the  self-induction  due  to  tlie  current-turns 
the  coil  :  this  new  E.M.F.  will  quickly  stop  the  current  pre- 
ously  flowing  in  it,  and  will  start  a  reverse  current  in  the  same 
rection  as  that  which  the  coil  will  be  called  upon  to  carry  when 
;  emerges  from  under  the  brush.     If  within  the  time  of  short- 
iJrcuit  this  new  current  be  raised  to  precisely  the  same  strength  as 
the  normal  current  of  the  other  coils,  the  opening  of  the  short- 
■:t  path  will  find  the  coil  already  carrying  the  exact  current 
,   I  red.     The   commutation  will   thus  be  effected  without  any 
violent  change,  and  consequently  without  any  sparking.     A  re- 
versing field  is  therefore  required  at  that  part  of  the  air-gap  where 
the  coils  are  commutated,  and  this  field  must  be  just  so  strong 
that  during  the  time  of  short-circuiting  the  E.M.F.  due  to  move- 
through  it  suffices  to  stop  the  current  previously  flowing  in 
hort-circuited  coil,  and  to  reverse  it  to  the  same  strength  in 
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the  opposite  direction.     If  the  field  be  stronger  or  weaker 
suffices  to  do  this,  in  either  case  although  the  current  may 
reversed  into  the  right  direction,  there  will  be  sparking  ;  in 
first  case,  the  excess  of  current  generated  in  tlie  short-cir 
coil  maintains  its  closed  path  by  sparks,  and  in  the  second  i 
when  the  current  set  up  is  too  small,  the  self-induction  of  the 
prevents  it  from  being  raised  at  once  to  the  due  value,  and  ill 
fore  the  current  from  the  other  coils  causes  sparking.     In  all  i 
of  incorrect  adjustment  of  the  diameter  of  commutation,  i/  \ 
effect  of  the  sparking  on  the  commutator  be  carefully  examine 
will  be  found  that  it  is  the  trailing  edges  of  the  segments  wh 
are  first  pitted  and  worn  by  the  sparks,  and  this  shows  that 
caured   by  the  normal  or  the  short-circuit  current  niaint 
its  oath  by  small  arcs  l)etween  that  edge  of  a  leading 
wl'ich  leaves  the  brush  last  and  the  i)rush  itself.     Thus,  to 
up  and  emphasise  these  results,  the  passage  of  a  section  of  \ 
winding  from  one  half  of  the  armature  into  the  other  half  can  ( 
be  effected  without  sparking  if  its  original  current  is  sto[iped.  i 
a  reversed  current  is  started  during  the  period  of  shorl-tirc 
•  In  order  to  effect  this,  the  brushes  must  be  set  so  th.it  the  sh 
circuited  coil  is  moving  through  a  field  which  produces  an  K.J 
opposed  in  direction  to  the  current  (lowing  in  it  at  the  bcgii 
of  the   short-circuit  ;   the   proper   diameter  of  commutation 
therefore  in  advance  of  the  neutral  line — at  least   so  far 
bring  the  short-circuitedcoils  within  the  influence  of  the  field  ixs 
from  or  enteringinto the /M^/z/i'  pole-corners.  Further,the  rev 
current  must  be  brought  up  to  a  value  very  approxiniately 
to  that  of  the  coils  on  the  leading  side  of  the  brush,  within  the 
that   elapses   between  entrance  of  the  trailing  segment  undrrj 
brush  and  emergence  of  the  leading  segment  on  the  other  side 
practice,  the  proper  position  of  the  brushes  is  found  b\ 
rocking  bar  slightly  backwards  and  forwards  until  :i  p' 
servable  on  either  side  of  which  the  sparking  be 

The  strength  to  which  the  reversed  current  ii  ...  _„ 
period  of  short-circuit  will  depend  on  the  rcsiitiance  of  the  t^\ 
and  its  self-induction  which  opposes  the  ri  . 
the  value  of  the  reversing  E.M.F.     The  sell 
uix>a  the  number  of  turns  in  tbe  coil,  the  amperes  which  iti 
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^prying,  and  the  nature  of  the  iron  paths  through  which  the  am- 
pjjre-turns  induce  lines.  The  reversing  E.M.F.  rtiust  not  only 
neutralise  the  self-induction  of  the  coil,  but  must  further,  at  the 
end  of  the  period  of  short-circuit,  provide  the  voltage  corresponding 
lo  the  passage  of  the  normal  current  over  the  resistance  of  the 
coil.  Thus  in  an  armature  with  too  sections,  over  which  5  volts 
arc  exi)ended,  an  effective  voltage  of  -^'Cn  of  a  volt  must  be  acting 
round  the  short-circuited  coil  as  it  leaves  the  brush.  The  reversing 
E.M.F.  will  depend  on  the  strength  of  the  field  where  the  coil  is 
commutated,  and  on  the  speed  of  movement  through  it.  It  is 
therefore  apparent  that  with  a  given  speed,  armature  winding, 
and  distribution  of  field,  the  amount  by  which  the  short-circuited 
coils  are  advanced  beyond  the  neutral  line  must  be  varied  when 
the  strength  of  the  armature  current  is  varied.  As  the  total;  cur 
rent  passed  through  the  armature  is  increased,  both  the  old  current, 
which  has  to  be  stopped,  and  the  new  current,  which  has  to  be 
started,  become  greater  ;  hence  a  stronger  reversing  field  is  re- 
quired, and  the  angular  advance  of  the  brushes  beyond  the  neutral 
line  must  be  progressively  increased  to  keep  pace  with  the  increased 
current.  A  shifting  of  the  brushes  forwards  in  the  direction  of 
^station,  or,  as  it  is  termed,  'giving  the  brushes  a  forward  lead,'  ij 
Berefore  necessary  in  a  dynamo  when  the  armature  current  is  in- 
creased ;  and  in  so  far  as  this  is  a  lead  in  advance  of  the  neutral 
line,  it  is  due  to  the  necessity  for  an  increased  strength  of  reversing 
field  in  order  to  overpower  the  increased  self-induction  of  the  coil 
yJBd  provide  the  required  balance  of  voltage. 
^P  But  this  is  by  no  means  all ;  the  very  fact  of  increasing  the 
aftnature  current,  even  if  it  does  not  affect  the  total  numlier  of 
lines  passing  from  pole  to  pole,  entirely  alters  the  distribution  of  the 
field.  The  neutral  line  is  itself  shifted  fonvards,  or  away  ^rom  the 
vertical  line  of  symmetry  between  the  two  pole-pieces  in  the  direc- 
bon  of  rotation,  and,  therefore,  the  forward  lead  of  the  brushes 
koned  from  this  symmetrical  line  is  increased.  To  understand 
new  problem  it  is  neccssarj-  to  consider  the  reaction  of  the 
aature  current  on  the  field.' 
[Taking  the  case  of  a  ring-  or  drum-wound  armature  in  a  2-pole 

lie  general  principles  on  which  the  (jucstiun  orarmature  reaction  is  to  be 
i  were  firsi  pulilishcd  by  Urs.  J.  and  E.  Hopkinson  in  their  ofl-cjuoted  paper 
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field  with  currents  flowing  in  its  wires,  we  have  to  ask  what  is  I 
magnetic  effect  of  these  currents  when  the  annature  is  plac 
within  the  bore  of  the  pole-pieces.     Two  sheets  of  current  /Id 
along  the  surface  of  the  armature  from  end  to  end  ;  in  fig.  ij 
currents  flowing  up  out  of  the  plane  of  the  paper  or  down  inld 
are  indicated  respectively  by  crossed  and  shaded  drcles,  and  il  ^ 
be  seen  that  the  direction  of  the  currents  in  the  inductOR  cha 
at  the  diameter  of  commutation  (dc)  corresponding  to  the  posilica 
of  the  brushes.     The  general  effect  of  the  two  current-shectJ  1 


Kic.  isa.~Magn«tic  fieW  of  »rm«tiire. 


to  convert  the  iron  armature  into  a  cylindrical  electro-magnet  1 
two  piolar  surfaces  at  opposite  ends  of  the  diameter  of  commutatio 
and  stretching  along  the  entire  length  of  the  core.     If  the  ; 
ture  be  ring-wound,  with  the  turns  of  wire  passing  round  and  ins 
the  core,  the  analogy  to  a  fiair  of  magnets  of  semicircular  $ha|| 
each  wound  with  a  magnetising  coil  and  placed  so  tJiat  tlieii  1 
poles  abut  on  each  other  to  form  a  common  N.  and  a  comi 
pole,  is  at  once  apparent     If  the  armature  be  druin-woun^ 


reprinted  from  Phil.  Trans.  1886,  in  Origincl  Paftr  .M.i  >iiMt 

pp.  103-ui.     These  principles  have  been  further  iJcv'  'nm.  S» 

bume  nnd  Esson  in  their  two  papers,  entitled  respectively  '  I  lie  Ihcif)  ff  Amu-' 
ture  Reactions  in  Ilynamos  and  Motors '  and  'S<ime  Puint*  in  Drsnit*.!  <»J 
Motor  Design,' pulUshed  in  they««rMo//»i//.  £/ 
authors  here  acknowledge  their  general  debt  !«  ' ' 

with  the  discu&sinns  that  :na<c  therefrom,  i!  c  uuua  u(^ 

and  fiicts  bearing  on  many  of  tiie  obscurer  1  ;.;ii  uf  dy 
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^Rieglcct  the  actual  end-connections  of  the  wires  and  imagine  each 
^^ inductor  connected  across,  in  a  plane  at  right  angles  to  the  dia- 
^^meter  of  commutation,  to  a  corresponding  inductor  on  the  opposite 
^^kide  of  this  diameter.     A  number  of  loops  are  thus  obtained,  each 
^^arrying  a  current  equal  to  half  the  total  armature  current,  and 
magnetising  the  core  in  a  general  vertical  direction.  Hence,  whether 
the  armature  be  ring-  or  drum-wound,  lines  of  induction  will  flow 
through  the  two  halves  of  the  core  on  either  side  of  the  diameter 
of  commutation,  issue  forth  from  the  lower  surface  and  circle  round 
to  enter  again  at  the  upper  surface  ;  or,  as  it  is  otherwise  expressed, 
poles  are  formed  on  the  armature  at  opposite  ends  of  the  diameter 
of  commutation.'  m 

Apart  from  the  field-magnet  these  lines  of  induction  will  be  ™ 
comparatively  few  in  number  (as  shown  in  fig.  150),  but  when  the 
armature  is  surrounded  by  tlie  iron  pole-pieces,  their  length  of  path 
»  the  air  is  enormously  reduced,  and  a  strong  flow  will  arise, 
assing  through  the  two  pole-pieces  and  traversing  the  short  air-  ■ 
jps  of  the  dynamo.  Fig.  1 5 1  serves  to  show  the  course  of  the  in- 
cased number  of  lines  due  to  the  currents  in  the  inductor-loops 
ben  the  armature  is  placed  within  the  embrace  of  the  pole-pieces. 
Be  magnet  being  otherwise  entirely  unmagneliscd.  When  the 
iture  is  rotated,  the  inductors  pass  successively  from  one  half 
'  the  armature  into  the  other,  but  the  current-sheets  remain  fixed 
position  on  either  side  of  the  diameter  of  commutation,  and, 
crefore,  the  field  of  lines  which  they  produce  will  likewise  remain 
ationary  and  unchanging.  The  magneto-motive  force  of  the 
sirure  amocre-turns  rises  as  we  pass  from  a  central  horizontal 
line  tow.irds  either  the  upper  or  lower  limits  of  the  armature  core- 
^Taking  any  angle,  kol,  the  magneto-motive  force  between  the  limits 
^K  and  /  is  proportional  to  the  number  of  amptre-tums  which  they 
^^cludc  :  thus,  if  T=the  total  number  of  inductors  evenly  spaced 

;»und  the  armature,  and  the  current  flowing  in  each  be  c=~ 


the 

leto-motive  forces  of  the  ampere-turns  summed  up  between 

In  ihe  cue  of  the  ring  armature  some  lines  will  cross  the  interior  of  the 

,  pacnng  through  the  shaft  and  supporting  hub  (or  spider)  as  indicated  in 


Kund  the  am 
igneto-moti 
'  In  the  case 
g,  pacnng  thr 
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A,/=i-a56rr-^,=  i-256^ 


-y_-,  where  f>=ihc  angle  kt\ 


expressed  in  degrees.     The  greatest  i 
obtained  between  the  exirexue  top  anu 


.  e  force  is 
:c  cute,  ind  i 


there  equal  to  vitfi  5*. 


T 
2 


Now,  provided  that  the  area  i 


the  narrowest  jMrt  of  the  pole-pieces  be  considerable,  and  the  in 

be  tlierefore  free  from  saturation,  cither  across  the 
-polc-corners,  ahnost  the  whole  of  the  inagneto-mo'  nuy| 


Fic.  151.— Magnetk  6«1J  of  armatim  placed  within  polc^pieock. 

be  regarded  as  expended  in  producing   the    induction    in 
,  two  air-gaps  traversed  by  each  set  of  lines  on  either  side  of 
Larmalure.     The  lines  wiU  be  densest  towards  the  two  ends  of  < 
kir-gap,  where  they  enter  into  or  issue  from  the  pole-tips,  and ' 
thence  gradually  shade  off  to  zero  at  the  central  horizontal  line. 

I       Let  us  suppose  that  the  sheets  of  armature  current  «h<ywn  in 
fig.  151  are  due  to  rotation  of  the  armature  as  a  fl' 
a  counter-clockwise  direction  ;  then  in  order  to  proil^.^  -....-. 
currents  in  the  directions  shown  tliere  must  be  a  N.  pole  on 
right,  and  a  S.  pole  on  the  left  hand,  i.e.  iw  ' 
In  fig.  44.     If  we  now  compare  together  li 
the  two  sets  of  lines,  viz.  those  of  fig.  44,  that  would  Itc  due  to  ( 
ll^eld-magnet  by  iuelf,  and  those  of  fig.  151,  du    •-  •'       -  th 
^^^topbe-tums  alone,  it  nill  Ij^  fouii4  tto.j^^ 
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I 


P^nes  due  solely  to  the  armature  current  is  immediately  opposed 
to  the  direction  of  the  field-raagnet  lines  in  the  portion  of  the  air- 
^Kap  under  each  of  the  two  leading  pole-tips  {a,  d)  while  they  are 
^^1  the  same  direction  under  the  two  trailing  pole-tips  (b,  q.     Now 
when  the  dynamo  is  at  work  and  supplying  current,  the  magneto- 
^^lotive  forces  of  both  the  field  ampere-turns  and  the  armature 
^Hmpcre-turns  are  simultaneously  present,  and  it  remains  to  ask,  What 
^is  the  actual  distribution  of  the  field  as  resulting  from  the  combined 
l^eflectof  the  two  acting  together?  In  nature  there  is  onlyone  resultant 
^Bistribution  of  field  produced  which  satisfies  all  the  conditions  ;  this 
^^resultant  field  may  be  arrived  at  by  an  imaginary  superposition  of  the 
two  sets  of  lines,  the  one  on  the  other,  followed  by  a  process  of  com- 
pounding the  two  vectorially,  with  due  regard  to  their  directions, 
|^<5ense,  and  strength  ;  or  we  may  adopt  the  simpler  course  of  dealing 
^ftolely  with  the  magneto-motive  forces  acting  along  any  closed 
^^wth.     The  diagram  of  the  lines  separately  due  to  the  armature 
will  then  serve  to  bring  before  us  clearly  the  general  direction  of 
Ke  magneto-motive  forces  of  the  armature  ampere-turns.     The 
nost  important  closed  path  to  be  considered  is  that  approximately 
narked  by  the  letters  a,  e,f,  b,  in  fig.  151.     The  diameter  of  com- 
mutation is  for  the  present  assumed  to  coincide  with  the  vertical 
Sne  of  symmetry  between  the  two  pole-pieces.     Since  the  points 
rand/are  taken  nearly  at  the  upper  and  lower  extremes  of  the 
ore,   the   magneto-motive   force  of  the  armature  ampere-turns  _ 
wtween  them  may  be  regarded  as  approximately  equal  to  the  I 

ttaximura  value,  i.e.  i'2s6  -^  .  —  \  and  on  our  previous  assump- 

2      3 

^ion  that  the  iron  of  the  armature  and  iiole-pieces  is  very  far  from 

saturation,  or  infinitely  permeable,   the  whole  of  this  armature 

aagneto-motive  force  may  be  regarded  as  expended  over  the  two 

iir-gaps  at  the  tojjand  bottom,  half  over  the  portion  of  the  path  a  e, 

id  half  over  the  portion//^.     Now  over  these  two  air-gaps  the^ 

Tcction  of  the  armature  magneto-motive  force  exactly  coincidesfl 

rilh  the  direction  of  the  magneto-motive  force  impressed  upon  the 

tir-gap  as  a  whole  by  the  field  ampere-turns.    In  each  of  these  two 

portions  of  the  closed  path  it  will  therefore  suffice  to  simply  add 

together  the  magneto-motive   forces  acting  there ;  due   regard, 

pwcycTj  must  be  paid  to  their  sense  or  algebraic  sign,  as  opposed 
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A,/=r256fT--  =  1-256  ^.T.  -^- 
^  •"       360°  2  360"* 

expressed  in  degrees.     The  greatest  magneto-tnotive  forfl 

obtained  lietween  the  extreme  top  and  bottom  of  the  coq 

the  narrowest  part  of  the  pole-pieces  be  considerable,  and 
be  tlierefore  free  from  saturation,  either  across  the  neck 
pole -corners,  almost  the  whole  of  the  magneto- motive 


there  equal  to  \-2^6 


where  tf=lht: ; 


Now,  provided  that  the  ; 


Flc  <si.  —  Mac'wii':  Md  of  mnmtm  placnl  wil/lio  |<o^|> 

be  regarded  as  expended  in  producing  tht  indu 
two  air-gaps  traversed  by  each  set  of  lines  on  eitbt 
armature.     The  lines  will  bedcnstsl  towards  the  (m 
air-gap,  where  they  enter  into  ■ 
thence  gradually  shade  off  to  /i . 
Let  us  suppose  that  the  sbcvi 
fig.  151  are  due  10  roi.if'on  if  ihu 
a  counter-clockwise  dii  i'  '!> 
currents  in  tlxe  diieoticmsj 
right,  and  a  S.  pole  cmj 
in  fig.  44.    If  wci 
iTm  "ir 

amptec-tums 
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to  their  mere  direction,  for,  although  along/^  tlie  magneto-n 
force  of  the  armature  amp^re-tums  exactly  coincides  in 
direction  and  sense  with  the  magneto-raotive  force  due  to  the  field 
winding,  along  the  upper  portion  of  the  air-gap  a  e  the  sense  i 
which  the  former  acts  is  from  a  to  e,  or  directly  opposed  to  tl 
sense  of  the  latter,  which  is  from  e  to  a.  Let  x,  =  that  part  j 
the  field-magnet  excitation  which  is  expended  over  the  two  al 
gaps  on  either  side  of  the  armature,  each  having  a  length  of  /,  cmJ 
then  the  magneto-motive  force  impressed  by  the  field-windifl 
on  each  air-gap  between  the  surfaces  of  a  pole-piece  and  the  col 

is  I •256-1.    We  are  now  in  a  position  to  determine  the  densq 

3  ] 

of  the  hnes,  or  the  induction,  over  any  small  portion  of  the  air-ga 
Starting  close  under  the  leading  pole-corner,  a,  the  magneto-raotif 
force  acting  over  the  air-gap  a  e  is  the  difference  between  that  dd 
to  the  field  ampere-turns  and  that  due  to  the  armature  amp^n 

turns,  or  1-256/^  — ^.  —  j  ;  and  this  when  divided   by  d 

length,  or  /„  will  give  us  the  induction  in  the  air-gap  at  the  Icadin 
pole-tip,  or  j 

b;= 1 1 

1 

But  at  the  trailing  pole-corner,  b,  the  magneto-motive  force  of  tfl 

annaturc  ampere-turns  assists  that  of  the  field-winding  ;  cofl 
sequently  the  resultant  magneto- motive  force  acting  across/^ I 

the  sum  of  the  two,  or  i"2s6  ( -!i4--i  .  —J,  and  the  inductiol 

\  2       2       4/  \ 

there  is  as  much  increased  as  it  was  diminished  at  the  ttadiiJ 
pole-corner,  i.e.  I 

i-256f^-fEi  .  I)  J 

m 

Any  two  other  points  symmetrically  placed  aliow.  anrl  bdo^H 
horizontal  line  may  be  taken  ;  the  smaller  the  angle  they  inolH 
the  less  will  be  the  difference  in  tlie  magneto- motive  forces  aaim 

over  the  air-gap,  until  finally  at  the  centic  of  the  poIe-p|«c«,  j 
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e  acts,  and  the  induction  there  has  its  average  or  normal  value 


H„  =    _   -^     -  » 


On  the  other  side  of  the  armature,  the  distribution  of  the 
field  is  altered  in  exactly  the  same  way,  but  now  the  leading  pole- 
comer,  where  the  induction  is  below  the  average,  is  at  d,  and  the 
trailing  pole-tip,  where  the  induction  is  above  the  average,  is  at  c. 
It  should  be  observed  that  the  length  of  the  armature  does  not 
enter  at  all  into  the  question  of  the  induction  of  the  air-gap,  but 


ii   ' .  ■  1'  i  I  '"" 

t'i|i|i  i,,iiiiiiiii 
iiiiiiiri|iriiiitii; 

lUllllll  IMiMIMII 

Fig.  isa- — Magoctic  licU  of  d^ii&ino  reacted  on  by  arttiature. 

only  affects  the  total  number  of  lines  which  traverse  any  striiT 
the  air-gap  taken  parallel  to  the  length  of  the  core. 

The  general  result  of  the  reaction  of  the  armature  currents  on 
the  field  is  shown  in  fig.  152,  from  which  it  will  be  seen  that  the 
field  is,  as  it  were,  displaced  and  twisted  round  in  the  direction  of 
rotation.  The  distribution  of  the  field  or  the  induction  in  the  air- 
gap  on  either  side  of  the  armature,  instead  of  being  uniform  over  the 
greater  part  of  the  bored  face  of  the  pole-piece,  varies  continuously 
from  a  minimum  value  at  af  to  a  ma.ximum  at  bf;  the  densest 
jxirt  of  the  field  is  shifted  up  to  and  beyond  the  trailing  pole-tip, 
while  the  field  under  the  leading  pole  comer  is  weakened.  So 
fax  wc  have  assumed  that  the  diameter  of  commutation  is  on 
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^^  Uic 


the  vertical  line  of  symmetry,  or  that  the  brushes  are  given  n6 
forward  lead  beyond  this  line.  Under  these  conditions  it  a 
now  evident  that,  so  long  as  the  iron  of  the  pole-pieces  is  far 
from  saturation,  the  total  strength  of  field  or  the  number  of  lines 
entering  into  the  armature  on  the  one  side  and  leaving  on  the 
other  is  entirely  unaffected  by  the  current-turns  of  the  armature, 
since  the  induction  is  as  much  strengthened  over  the  one  half  of 
each  polar  face  as  it  is  weakened  over  the  other  half.  The  dis- 
tribution of  the  field  has,  however,  been  altered,  and  the  greater 
the  current  passed  through  a  given  armature,  the  greater  will 
the  forward  displacement  or  twisting  round  of  the  field, 
such  displacement,  however,  implies  an  equal  displacement  oft 
neutral  gap  of  zero  field,  as  is  evident  from  fig.  152,  where  I 
neutral  line  n  n  is  seen  to  be  shifted  forwards  in  advance  of  the 
vertical  line  of  symmetry  between  the  poles.  But  it  has 
shown  that  the  proper  diameter  of  commutation  is  slightly 
advance  of  the  neutral  line  ;  theoretically,  therefore,  even  with  ~ 
small  armature  current,  the  field  will  be  slightly  displaced  and 
the  brushes  must  have  a  very  small  lead.  NVhen,  howcvTCr,  1 
armature  current  is  very  small,  the  displacement  due  to  ttsrcacti^ 
is  negligible.  Further,  a  very  weak  reversing  field  is  sufBcie 
hence  the  diameter  of  commutation  for  no  sparking  at  light  lo 
will  very  nearly  coincide  with  the  neutral  line,  and  this  latter  ^ 
so  nearly  coincide  with  the  vertical  line  of  symmetry  thai 
three  may  be  regarded  as  identical,  Cut  when  the  ar 
current  is  increased,  the  brushes  must  be  shifted  forwards,  so  1 
the  short-circuited  coils  may  overtake  and  j>ass  the  dispt 
neutral  line.  The  total  lead  (reckoned  from  the  no-lead  line] 
syifimetry)  thus  becomes  very  much  more  than  the  mere  le 
beyond  the  neutral  line  with  which  we  first  dealt  ;  U 
it  comprises  the  angle  through  which  the  neutral  lin. 
been  shifted  by  reason  of  the  reaction  of  the  armature  am|i 
turns  on  the  field.  The  result  of  thus  advancing  the  dian 
commutation  forwards  beyond  the  vertical  line  is  to  intrc 
entirely  new  eflTect.  So  long  as  it  was  vot 
ampircturns  all  tended  to  produce  a  cros 
general  direction  of  whicli  in  the  annaturc  was  at  right  angio] 
Uic  direction  of  magnetisation  due  to  the  field  alone.     But  1 


when  tlie  brushes  are  given  a  forward  lead,  if  the  directions  of  the 
currents  in  the  inductors  on  the  armature  be  compared  with  the 

Rrections  of  the  currents  in  the  magnetising  coils  of  the  field,  as 
own  by  shaded  and  crossed  circles  in  fig.  153,  it  will  be  seen  that 


FiQ.  133. — Amp«r«-tur»s  o(  ticlU  onti  arnuiurc. 

the  inductors  lying  between  the  two  vertical  lines  kl,  mi 
the  direction  of  the  current  is  absolutely  opposed  to  the  direction 
the  current  in  those  field-magnet  wires  which  are  on  the  same 
of  the  lines  of  the  field.     It  will  assist  us  to  treat  the  problem 
now  regard  the  inductors  as  con- 
cted  together  across  the  ends  of  the 
nature   in   two   sets    of    turns,   one 
ling  a  coil  in  a  vertical,  and  the 
a   coil  in   a   horizontal,    plane.' 
bese  are  seen  in  fig.   154,  the  imagi- 
ry   end-connections   of  the   vertical 
ijl  being  shown  by  full  lines,  and  those 
the  horizontal  coil  by  dotted  lines. 
bus,  inductors  1  and  2  are  equivalent 
one   turn   or   loop,   round  which  a 


It  of  —  ampferes  flows,  and  simi- 
2 


154.  -  Hack  and  cro\*  anipcre. 
turiu  uf  armaturv. 


I  2 

jrly  inductois  3  and  4  are  equivalent  to  another  turn,  but  in  a  plane 

'  Thti  method  cif  treating  the  subject  was  fiist  puljlished  in  1887  by  Mt, 
na\:»atRe,  Jeumal  Soc.  Ttl.  Eng.  vol.  xv.  No.  64,  p.  542. 
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at  right  angles  to  the  former.  The  entire  numlut  ii(  jr 
ainpfere-turns  is  divided  into  two  sets,  and  we  are  justitied  mj 
dividing  them,  since  the  effects  of  the  two  are  totally  distill 
The  two  vertical  lines  of  fig.  1 53  are  fixed  in  position  by  the  to 
angle  of  lead,  the  angle  kom  ot  Ion  being  equal  to  twice  the  angle 
of  lead  X,  reckoned  from  the  vertical  diameter  or  line  of  symmct 
The  belt  of  ampere-turns  included  between  the  lines  */,  ««i 
in  direct  opposition  to  the  ampere-turns  of  the  field,  and  tenjj 
demagnetise  the  armature  and  field  ;  they  are  therefore  known! 
the  '  back  ampfere-turns  '  of  the  armature.  On  the  other 
the  belt  of  ampfere-turns  lying  horizontally  between  the  points^ 
or  m  n  have  the  same  effect  as  was  previously  considered  wt 
the  diameter  of  commutation  was  vertical ;  that  is,  they  havi 
cross-magnetising  tendency,  which  distorts  the  field  round  in  1 
direction  of  rotation,  weakening  it  at  the  leading  pole-comers  1 
strengthening  it  at  the  trailing  pole-corners  ;  they  are  therefaW 
known  as  the  '  cross  ampere-turns '  of  the  armature. 

The  back  ampere-turns  of  the  armature  are  equal   to 
product  of  half  the  total  armature  current  into  the  numlicrl 
inductors  inclosed  within  twice   the  angle  of  lead,  or  if  X 
expressed  in  degrees — 


a         360° 


Similarly,   if    0  =  the  angle   kol  or  mon,  also   exi)ressed 
degrees,  i.e.  =  i8o°  — 2X,  the  cross  arap&re-tums  of  the  annau 
are  equal  to 

»  360' 

The  relative  proportion  of  these  two  sets  of  ampJ-rc-tunu  wiH^ 
course  depend  entirely  upon  the  angle  of  lead. 

The  magneto-motive  force  of  the  cross  amptre-turni  - 
up  between  the   points  k  and  /  or  m  and  n  is  on  tJu 
laid  down  on  p.  362 

=  1-256 -i.T.       — , 
3         360* 

I  on  our  previous  assumptions  this   force   may  be 
[iractically  as  expended  over  the  two  air-gaps  of  the  CTOSs>i 
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lence  by  the  reasoning  of  p.  364  it  follows  that,  with  a  given 
K>sition  of  the  brushes,  the  induction  within  the  air-gap  at 
pposite  ends  of  ilic  diameter  of  commutation,  where  each  section 
rf  the  winding  is  short-circuited,  may  very  approximately  be  repre- 
ented  by 

Now  the  proper  strength  which  the  reversing  field  must  have, 
a  order  that  the  collection  of  the  current  may  be  sparkless,  has 
Iready  been  described  ;  it  must  be  such  that  during  the  period 
if  short-circuit  the  E.M.K.  which  it  produces  can  overpower  the 
tlf-induction  of  the  coil  and,  further,  start  a  reversed  current, 
'he  number  of  lines  cut  by  the  short-circuited  coil  will  vary 
jrectly  with  \\\,  and  also  with  the  length  of  the  armature  or  of 
be  pole-pieces  which  extend  along  its  surface.  But  the  self-induc- 
ion  of  the  coil  will  also  vary  directly  with  the  length  of  the 
nnature,  since  with  a  given  radial  depth  of  core  and  depth  of 
tiagnet  limb  the  area  of  the  paths  through  which  the  current  in 
je  coil  induces  lines  is  proportional  to  this  length.  ^Ve  have 
Iready  said  that  if  the  collection  of  the  current  is  to  be  spark- 
sss,  the  reversing  strength  of  field  and  the  self-induction  of  the 
oil  must  bear  a  certain  relation  to  each  other ;  but  it  is  now 
pparent  that,  for  a  given  setting  of  the  brushes,  the  relation 
etween  the  two  is  independent  of  the  length  of  the  armature  ; 
ence  in  determining  the  reversing  field  required  for  a  coil  of  a 
fertain  number  of  turns  carrying  a  given  annature  current,  the 
alue  of  the  induction  b',  at  the  diameter  of  commutation  need 
bne  be  considered,  the  length  of  the  armature  being  immaterial. 
Ividently  this  induction  must  have  some  positive  value  in  the 
ght  direction  to  reverse  the  current.  But  from  our  last  equation 
W  u'j,  it  appears  that  if  with  a  given  setting  of  the  brushes  the 
nuature  current  of  the  dynamo  be  increased  to  such  a  value  that 

>  .  T .  -i     =  x„,  the  magnetising  forces   of  the  field  and  the 
360° 

ross  amiature-tums  are  ejcactly  balanced  along  the  diameter  of 

ommutation,  and  there  is  no  field  to  reverse  the  current  in  the 

kott-circuited  coil.    If  it  be  still  further  increased,  the  direction 

B  B 
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of  the  field  at  the  points  on  the  armature  surface  correspond 
to  the  position  of  the  brushes   on  the  commutator   is  actui 
reversed  ;  in  both  cases  destructive  sparking  will  ensue,  and 
machine  become  unworkable.     The  remedy  must  therefore 
in  shifting  the  brushes  still  farther  forward  into  a  part  of  the  fie 
where  the  induction  is  in  the  right  direction,  and  is  strong  cnou 
to  reverse  the  increased  current  in  the  short-circuited  coils, 
the  very  fact  of  giving  the  brushes  more  lead  in  order  to  reco 
and   pass  the  neutral  line  which  has  been  displaced  out  ofl 
symmetrical  position  by  an  increased  armature  current  incre 
the  backamptre-turns,  which  tend  to  weaken  the  strength  offie 
In  series-  or  compound-wound  machines  this  weakening  or 
magnetising  tendency  is  partially  or  entirely   neutralised  by 
corresponding  increase  of  the  magnetising  turns  of  the  field-wifl 
ing  ;  for  the  incrcasedexcilingpowerofthose  turns  which  arc  ins 
with  the  major  part  of  the  armature  current  will  tend  to  maintj 
and  may  even  increase,  the  total  strength  of  the  field.     But^ 
simple  shunt-wound  dynamos  it  may  be  asked  how  it  is  th 
position  can  he  found  where  commutation  can  take  place  will 
sparking  ;  since,  as  the  brushes  are  shifted  forwards  to  over 
and  pass  the  neutral  line,    the  field   is  continuously  weaken 
The  answer  lies  in  the  fact  that,  whether  the  machine  beshuns^ 
series-  or  compound-wound,  in  all  alike,  as  the  brushes  are  shij 
forwards,  annature  ampbre- turns  are  progressively  shifted  from  j 
belt  of  cross  ampere-turns  into  the  belt  of  back  am{>&r«-tiimi,  1 
thence,  though  the  total  strength  of  field  may  be  weaker  nodi 
displacement  more  marked,  yet  the  dilTcrence  in  ti'.c  strength] 
field  under  the  leading  and  trailing  pole-corners  becomes  leas  j 
the  lead  is  increased,  and  the  angle  B  becomes  less,  th« 

O         T  tf 

magnetomotive  force,  viz.  r2s6  _?  .  _  .      _  ,  which  acts 

2     2    360° 

entially  at  the  upper  and  lower  limits  of  the  field,  wcake 

and  strengthening  b  '^,  is  reduced.     It  is  still  true  that  the  I 

are  crowded  up  towards  one  end  of  the  polar  surface  and  air-( 

but  their  density  over   the  air-gap  or  the  indiirtion  iu& 

nearly  one  uniform  value.     Hence  under  ordi' 

the  brushes  are  shifted  far  enough  forwards  .1  ri;  114 

of  the  rc(]uisitc  strength  should  be  reached 
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^V      Iff  bowever,  an  abnormally  large  current  be  taken  through  the 

armature  of  any  machine,  the  reaction   of  the  armature  amf>ere- 

turns  on  the  field  will  become  excessive,  a  very  large  angle  of  lead 

roust  be  given  to  the  brushes,   and  the  number  of  demagnetising 

I      amp^re-tums,  x,,  is  therefore  correspondingly  great  ;   even  then 

jlhe  cross  amp^re-tums  may  remain  so  powerful  that  the  short- 

Circuited  coils  are  not  brought  within  the  influence  of  a  reversiiig 

dd.     As  a  consequence,  no  position  can  be  found  for  the  brushes 

rhere  violent  sparking  does  not  occur.     \Ve  are  thus  met  with  a 

3ndition   which,   entirely  apart    from  any  question  of   heating, 

Itnits   the   maximum   current   that   can   be  passed  through  the 

iture,  and  therefore  for  a  given  sf>eed  of  rotation  and  voltage 

jmiu  the  output  of  the  machine.     The  armature  ampere-turns  at 

.full    load  must  not  be  so  large  that  their  reaction  on  the  field 

iders   sparking   unavoidable  ;  a   sensible  field  is    required  to 

erse  the  current,  and  the  magneto-motive  force  impressed  on 

the  air-gap  by  the  field- winding  must  be  in  excess  of  the  magneto- 

uotive  force  of  the  cross  ampere-tums  at  the  ends  of  the  diameter 

f  commutation ;  without  as  yet  laying  down  a  definite  angle  of  lead, 

is  evident  that,  after  allowing  for  even  a  large  angular  advance. 


I 


far  from  allowing  the  cross  ampere-turns  -•* .  t 


ve  its  designed  capacity,  the  value  -"  .  t  . 


6 


360° 


must  not  be 


I 


— — -  to  nearly 
360°  ' 


ilance  x,,  ihey  must  not  be  allowed  to  approach  to  anything  like 
[juality.  Practice  has  shown  that  if  the  dynamo  is  to  work 
tisfactorily,  and  to  allow  of  a  slight  temporary  increase  of  current 


I 


V  V 

ater  than  about  -t  in  a  drum  machine,  or  _"  in  a  ring  machine. 
1-5  a  " 

Under  these  conditions,  which  are  fulfilled  in  any  ordinary  dynamo, 

short-circuited  coils  can  at  full  load  be  brought  into  a  position  fl 

rhere  no  sparking  ensues  by  shifting  the   brushes  forwards ;    a  " 

process  which  effects  the  desired  end,  since  it  progressively  shifts 

ipcre-tums  out  of  the  belt  of  cross  armature-turns  into  the  belt 

i>f  back  armature-turns,  and  brings  the  short-circuited  coil  into  a 

Jcnxer  field. 

As  will  be  more  fully  described  later,  in  machines  of  good  J 

sign  it  is  seldom  requisite  to  shift  the  brushes  so  far  forwar<3 
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at  full  load  as  to  bring  the  short-circuited  coils  far  under  the 
leading  pole-tips  ;  the  full-load  position  is,  however,  often  close 
to  the  leading  pole-tips,  although  more  generally  it  is  ju!>t  behind 
them  and  within  the  fringe  of  lines  immediately  extending  slant- 
wise from  them.  It  must  be  remembered  that  the  actual  strwigth 
of  field  required  to  reverse  even  a  large  current  in  the  sho 
circuited  coil  is  not  very  great,  and  under  ordinary  conditions  ( 
induction  at  that  part  of  the  air-gap  where  the  coils  are  successfii 
commutated   probably  seldom   amounts   to   more  than    aboul^ 


quarter '  of  the  average  value  b,= 


z. 


-,  and  will  us 


area  of  air-gap 
be  less.     At  first  sight  this  may  seem  to  contradict  our  previa 
requirement  that  at  most  the  cross  ampfere-tums  roust  not  be  mQ 

V 

than  ^ ,  since  this  rule  would  appear  to  give  an  induction  b',,  « 

to  at  least  one-third  the  average  value,  B,.     The  apparent  conn 
diction  is,  however,  explained  by  the  fact  that  when  commutaJi^ 
occurs  outside  the  pole-tips,  the  lines  there  have  a  sloping  din 
tion,  by  reason  of  which  the  denominator  in  our  equation  f.tr 
should  have  some  value,  /'„  greater  than  the  normal  /. 

AVe  are  now  in  a  position  to  form  an  idea  of  the  distriDutiou  i 
field  and  the  position  of  the  diameter  of  commutation  for  any  1 
polar  armature,  when  a  considerable  current  is  jmssed  through  tt' 
and  the  magnetic  effect  of  this  on  the  field  is  taken  into  account 
Owing  to  the  cross  ampfcre-tums  of  the  armature   the   gcneml 
distribution  will  be  as  shown  in  fig.  152, and  the  diameter  of  <i' 
tation  will  be  slightly  in  advance  of  the  neutral  line  n  n,  ^^ 
itself  m  advance  of  the  vertical  line.    The  effect  of  the  lead  of  ( 
brushes  is  to  convert  a  portion  of  the  armaturc-tums  into  Ik 
ampere-turns,  directly  weakening  the  total  strength  of  the  fie 
unless  they  be  counterbalanced   by  an   increase  in  the  exci( 
power  of  the  field-magnet  coils.     A  clearly-defuicd  neutral 
between  the  poles  is  re(|uired  in  order  that  at  the  first  instant 
short-circuiting  no  increased  current  may  be  generated  in 

'  Fnr  an  approximate  calculation  of  the  induction  rcqtit!'-  '     — 
full-load   current   in  an  ordinary-  dynamo,   viJt   '  The   'I 
I>ynamt»  and  Motors  '  (Swinburne^     '  ' 

xix.  No.  JiJ,  Ji.  99  ;  ««•  aluo  Ni\  93,  Vol.  xx.  p; 


of  the  normal  current,  especially  if  the  sections  of  the  winding 
have  considerable  width  :  for  any  such  increased  current  will 
involve  a  waste  of  energy,  and  the  reversing  field  will  be  called 
ufwn  to  do  more  than  its  due  work.  J'"urther,  the  fringe  of  lines 
at  the  leading  pole-tips  should  shade  off  fairly  gradually  ;  if  the 
iation  of  the  induction  he  abrupt,  the  brushes  will  require 
cessi  ve  care  in  their  adjustment,  and  the  machine  will  be  sensitive 
to  any  changes  of  the  load.  Hence,  even  apart  from  the  question 
1  "  '  across  from  one  pole-edge  to  the  opposite  edge,  it  is  not 
I  •  c  to  bring  the  pole-pieces  very  close  together;  the  direct 

distance  across  from  one  pole-tip  to  the  other  should  bear  a  certain 
relation  to  the  length  of  the  air-gap,  and  a  common  proportion  to 
find  is  that  the  former  is  about  nine  times  /,.  In  the  2pole 
•  '•  i.iriio  the  angle  subtended  by  the  bored  face  of  the  pole-piece 
i:^  I, illy  falls  within  the  limits  of  120' and  140°, a  common  polar  angle 
being  130°,  and  after  allowing  for  the  fringe  of  lines  extending 
beyond  the  actual  edges  of  the  pole-piece,  this  may  be  taken  as 
resulting  in  an  effective  field-angle  of  about  140°. 

»The  question  of  saturation  in  the  pole-pieces  as  resulting  from 
e  armature  reaction  on  the  field  depends  entirely  upon  their  shape. 
•  far  the  pole-pieces  have  been  assumed  to  require  little  or  no 
magnetising  force  at  any  part.  If,  however,  the  pole-corners  are 
rapidly  thinned  off  to  a  fine  edge,  the  magnetomotive  force  of 
the  armature  cross  ampere-turns  will  not  be  expended  entirely 
9»er  tlie  air-gap,  as  we  have  previously  assumed,  but  some  part  of 
will  be  spent  over  the  pole-corners.  But  as  the  ind.:-*ion  in 
be  trailing  pole-tips  is  increased,  the  magnetising  force  required 
ver  them  is  increased  faster  than  it  is  diminished  at  the  leading 
ole-lips  by  reason  of  the  diminished  density  of  lines  there  passing, 
consequence,  therefore,  of  the  saturation  of  the  trailing  p>ole- 
anieis,  the  total  strength  of  field  and  the  E.M.F.  of  the  machine 
ire  reduced  by  more  than  the  normal  amount  accounted  for  by  the 
ick  amptire-turns.' 

Again,  if  the  upper  corner  of  the  pole-pieces  as  at  /f  (fig. 
152)  be  cut  off    too  sharply,   the    induction    at    the  trailing- 

Vu/e  an  inlcrcsling  paper  on   'The  Relation  of  the  Aii-gap  and  the 
fcliape  fiflhe  F'nlcs  to  Ihc  rerformance  of  Ilynamo-electric  Machinery '  (Ryai 
printed  in  Eltclrician,  Oclotier  9.     1891. 
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comer  c  will  be  throttled,  although  there  will  l)e  no  cone 
throttling  at  the  other  trailing  pole-rorner,  b.     In   such 
therefore,  the  values  of  the  induction  at  different  points  along  I 
one   polar  arc  from  c  \.o  d  will  not  correspond  exactly  with 
values  at  diametrically  opposite  points  of  the  air-gap  under 
other  pole-piece,  and  the  resultant  distribution  of  the  field  wiF 
not  be  symmetrical  in  accordance  with  our  definition  of  p.  281. 

Again,  it  will  be  seen,  from  fig.  15a,  that  in  the  pole-piece  i 
one  or  other  side  of  the  armature  (i"  the  diagram  on  the  1 
side)  the  greater  part  of  the  field  is  forced  to  continue  its  | 
upwards  through  the  pole-piece  across  the  neck  at  n  :  a  contracted 
area  of  iron  across  this  part  may  thus  become  saturated 
throttle  the  lines,  while  on  the  other  side  no  such  throtthng 
take  place  ;  again,  therefore,  the  distribution  of  the  field  bcc 
unsymmetrical  on  the  two  sides.  Prevention  of  the  displacen 
of  the  field  by  a  contracted  area  of  iron  across  the  neck  would  Ik  in 
itself  an  advantage,  but  in  single  magnet-fields  it  cannot  be  secun 
without  at  the  same  time  throttling  the  induction.  Attention 
already  been  drawn  (p.  277)  to  the  necessity  of  providing 
ficient  area  across  the  narrow  necks  of  the  pole-pieces,  but  nom 
further  appears  that  on  the  one  side  considerably  more  thaii 
of  the  lines  have  to  pass  through  that  area.  In  duuble-horsest 
fields  we  are  not  met  by  the  same  difficulty,  and  it  beco 
possible  to  reduce  the  area  of  iron  across  the  neck  <  on  the  llj 
a  ^  in  figs.  1 25  and  1 26,  or  even  to  split  the  fields  along  tliat  1 
the  distortion  of  the  field  by  the  cross  ampfcre-tums  is 
lessened,  and  hence  the  double  horseshoe,  apart  from 
reasons,  can  be  made  to  yield  a  more  symmetrical  field  than  ( 
single  magnet.' 

The  exact   lead  which    the   brushes  will  re(]uire  for  a  gi» 
armature  current  it  is  almost  impossible  to  determine  by  caJcuiatj 
with  complete  certainty,  since  to  accurately  map  o' 
tion  of  the  field  in   the  interpolar  Sfwcc,  and  imi' 
the  leading  pole-tips,  would  be  a  most  complex  problem  ;  yet  1 
the  lead  is  known,  the  relative  values  of  the  cross  and 
amptre-turns   are  also    unknown.      Now   the   quantity   x, 
already   appeared   in   Chap.  ,\V.    as   the    1 

/'/i/c  .'^Mnili^iliii-.  fouriial  liiii.  £!(i.  £ii{.  icA.v. 
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turns  that  must  be  added  to  the  field  ampbre-turns  in  order  to 
counteract  the  demagnetising  tendency  of  the  armature  current 
when  a  lead  has  been  given  to  the  brushes.  When,  therefore,  in 
designing  a  dynamo,  it  is  required  to  know  x^  in  order  to  determine 
the  field-winding,  it  will  lie  necessary  to  fall  back  on  the  evidence 
furnished  by  similar  machines  already  built  and  tested.  A  maxi- 
mum limit,  which  is  usually  observed  in  machines  of  good  design, 
has  already  been  implicitly  laid  down.  If  the  short-circuited  coils 
at  full  load  are  brought  nearly  up  to  the  pole-tips,  and  the  normal 
polar  angle  is  taken  at  about  1 30°,  the  greatest  angle  of  lead  will 

,  ,  180°  — 140° 

be    sometlimg    less 'than =   20°.      This,    however, 

implies  that  the  armature  is  loaded  to  the  maximum  number  of 
re-turns  permitted  by  considerations  of  sparking  ;  the  angle 
!  _.id  at  full  load  is  usually  not  so  great,  and,  although  no  definite 
role  can  be  laid  down,  an  average  value  may  be  set  as  falling 
■  111  the  limits  of  8"  and  13".  If,  after  the  machine  has  been 
1.  the  actual  back  ampere-tums  .is  determined  by  the  known 
angle  of  lead  be  compared  with  the  number  that  appears  to  be 
required  in  order  that  the  actual  exciting  power  on  the  magnet  may 
agree  with  the  calculated,  there  may,  in  some  cases,  seem  to  be 
a  considerable  discrepancy,  the  apparent  back  ampfere-turns  being 
considerably  greater  than  the  actual  back  ampere-turns.  The 
reason  for  this  is  undoubtedly  to  be  sought  in  the  distortion  of  the 
field  by  the  cross  ampere-turns.  In  our  calculations  of  Chap.  XV. 
general  values  were  taken  in  order  to  express  approximately  the 
average  length  of  the  path  of  the  lines  in  annature  and  field- 
magnet  ;  but  by  reason  of  the  displacement  and  contraction  of  the 
field  at  full  load  the  average  length  of  path  in  the  armature  is 
iniircised.  Again,  it  has  been  already  pointed  out  that  if  the  area 
of  the  pole-pieces,  across  the  neck,  or  at  either  trailing  pole-corner, 
be  somewhat  small,  the  increased  induction  over  these  contracted 
portions  may  result  in  a  considerably  increased  reluctance.  Both 
causes  will  therefore  render  the  calculated  ampere-turns  somewhat 
too  few.  If  the  data  employed  in  the  calculations  of  Chap.  XV, 
were  strictly  accurate,  the  lengths  and  state  of  saturation  being 
;  ited  and  varied  to  suit  the  circumstances  of  each  case,  no 

the  bjucV.  aH\v«^^'^^^"^ 
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the  dynamo,  as  deduced  from  tl»e  lead  of  the  brushes,  and 
actual  performance  of  the  machine.'     As,  however,  suchaccur 
would  be  almost  impossible  of  attainment,  a  certain  allowance  i 
be  made  in  designing  for  the  divergence  between  ihc  apf 
and  the  actual  Xm  by  assuming  the  lead  to  be  greater  tlian  it 
probably  be  ;  or,  in  other  words,  by  taking  the  apj^)arent  x*  requii 
in  our  equation  for  the  ampere-turns  of  the  field  as  equal  to,  «y, 

one  and  a  half  limes  the  actual  number  =(c,.t.      -^  j.     Any 

eddy-currents  in  the  armature  or  pole-pieces  exert  a  demagnetising 
effect  on  the  field,  exactly  analogous  to  that  of  the  a^ 
ampere-turns  ;  if  present  in  the  inductors  themselves,  li 
directly  increase  the  angle  of  lead  required,  and  may  cunsidentbly 
add  to  the  difficulty  of  avoiding  sparking. 

Not  only  does  the  reaction  of  the  armature  current  inrrea»e 
the  necessary  weight  of  copper  on  the  field,  but,  in  the  < 
compound- wound  machines,  as  explained  in  Chap.  XVI.,  it  t', 
the  regulation  for  constant  potential  at  varying  loads  less  i^rfect 
than  it  would  otherwise  be.  On  the  other  hand,  xs  mentioned  in 
the  same  chapter,  in  the  case  of  series-wound  machines  for  arc 
lighting,  it  may  be  taken  advantage  of  to  assist  the  self-regulation 
for  constant  current. 

In  order  to  obviate  the  necessity  for  shifting  the  brushes  as  I 
load  varies,  small  extra  [>ole-pieces  have  been  empl 
being   so  placed  as  to  supply  a  field   in  which    to  i 
armature  sections.     They  are  e.xcited  by  magnetising  coils  ins 
with  the  armature,  and  are  provided  with  suflicieiit  amjji-re-nni 
to  slightly  more  than  counterbalance  the  effect  of  the  armiii 
ampere-turns.     WTien  such  '  reversing '  jxjle-pieres  are  used, 
brushes  do  not  require  to  be  moved  to  meet  alterations  m  the  to 
and  a  further  advantage  is  that  there  are  no  back  amp^e-i 
Owing,  however,    to  practical  difficulties  in  its  application, 
device  has  not  as  yet  met  with  much  favour." 


'  Since  ihe  above  »as  written,  Di.  Ilopkinson  has  fully  olablMicdl 
tectncss  of  hU  nrigiriitl  cquaticmii  for  the  back  and  c<u£>  ««pcre-ti| 
further  paper  icprinieil  in  Original  /\tftri  tm  Dyiuamt  Miuhuury,  pp. 

•  fiiU  Swinbuinc.  Journal  Jmt.  Eltt.  £mg.  »oi  lis.  No,  85,  pp.  lOji-li 
3tin  I'/iJ  N'li.  86,  p.  jJ7,itvAv'A    >^  Xi.  fv\  Y  ■>">■ 
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\Vhen  designing  a  dynamo  the  approximate  angle  of  lead  at  full 
load  must  be  known  not  only  in  order  to  estimate  the  value  of  Xm  hut 
also  in  order  to  determine  the  cross  ampl-re-turns  of  the  armature 
as  bearing  on  the  question  of  sparking.  It  further  remains  for  us  to 
cxjnsidcr  the  closely  related  question  of  why  the  diameter  of  com- 
mutation in  machmes  of  good  design  is  seldom  I^rought  under  the 
leading  pole-comers  unless  the  maximum  rated  armature  current 
be  exceeded. 

When  the  armature  current  is  increased  from  a  very  small 
value,  and  a  lead  has  to  be  given  to  the  brushes,  the  first  result  of 
shifting  the  diameter  of  commutation  forwards  away  from  the 
vertical  line  of  symmetry  is  to  bring  the  short-circuited  coil  within 
die  more  clearly-marked  fringe  of  lines  issuing  out  of  or  entering 
into  the  leading  pole-tips.  As  the  armature  current  is  further  in- 
creased, this  fringe  of  lines  is  gradually  driven  inwards  under  the 
leading  pole-tips  by  the  increasing  cross  ampcre-tums  of  the 
annaturc,  and  a  further  forward  lead  is  necessitated,  until  with  a 
stQI  larger  armature  current  the  advance  of  the  brushes  to  avoid 
sparking  has  brought  the  short-circuited  coil  close  up  under  the 
pole-tips.  The  current  might  still  be  increased,  and  the  brushes 
might  be  shifted  forwards  until  the  diameter  of  commutation  falls 
some  distance  under  the  pole-pieces  ;  the  armature  ampere-turns 
might  even  then  not  be  so  great  as  to  entirely  prevent  the  require- 
ments of  p.  371  from  being  fulfilled,  and  hence  theoretically  there 
should  be  a  position  where  no  sparking  would  occur.  Yet  in 
practice  such  a  position  could  with  difficulty  be  found,  save  under 
somewhat  abnormal  conditions  and  in  dynamos  of  special  design 
and  peculiarly  proportioned. 

The  variation  in  the  density  of  the  field  in  the  air-gap  as  we 
pass  from  the  neutral  line  up  to  and  under  the  pole-corners  is 
always  more  or  less  abrupt,  but  when  the  diameter  of  commutation 
is  almost  or  entirely  under  the  leading  pole-corners,  the  change 
of  induction  for  small  movements  away  from  the  neutral  line, 
especially  on  the  leading  side,  becomes  very  marked — much  more 
•o  than  when  little  lead  is  required,  and  the  coils  are  short-cir- 
caitcd  in  the  middle  of  the  interpolar  gap.  If,  therefore,  the  con- 
ditions for  non-sparking  require  the  diameter  of  commutation  to 
be  brought  well  under  the  leading  pole-cotntTS,  o.  Ntrj  '.•rosiSii 


378 


THE  DYNAMO 


difference  in  the  position  of  the  short-circuited  coils  reUilively  I 
the  poles  means  a  lai^e  difference  in  the  reversing  E.M.F.  sct( 
in  them.  Now  the  inductors  of  a  dynamo  are  seldom  exac 
evenly  spaced  round  the  circumference  of  the  armature,  while  i 
is  to  be  presumed  that  the  commutator  sections  are  all  of  equal 
wdth,  and  arranged  with  almost  perfect  symmetry.  Hence,  c* 
if  the  greater  number  of  the  sections  of  the  winding  are  shfl 
circuited  in  a  field  of  the  right  induction,  the  remainder  wilJi 
occupy  exactly  the  same  position  when  they  are  short-cirruit^ 
As  a  consequence,  therefore,  of  the  diameter  of  commutation 
being  well  under  the  polar  surfaces,  any  want  of  regulnrity  in 
spacing  of  the  coils  will  cause  sparking,  and  even  if  confined 
few  coils  will  render  it  difficult  to  work  the  machine  satisfactorily. 
A  further  cause  of  sparking  under  such  conditions  is  the  alteration 
in  the  value  of  the  armature  cross  ampfcre-tums  according  as  each. , 
brush  is  touching  on  two  commutator  segments  simultaneously, -< 
when  the  short  circuit  is  removed,  on  one  only.  During  the  I 
that  a  section  is  being  comniutated,  the  cross  ampcre-tums  aie 
slightly  diminished  in  number,  and  the  displacement  of  the  fie 
is  correspondingly  diminished  ;  but  immediately  after,  while 
brush  is  in  contact  with  only  one  section  of  the  commutator, 
field  recovers  its  former  distribution.  Hence  with  an  even  numf 
of  commutator  sections,  «,  the  field  in  which  the  armature 
versals  take  place  quivers  or  vibrates  n  times  per  revolution  :  if* 
be  an  uneven  number,  the  number  of  vibrations  is  doubled, 
the  magnitude  of  each  is  less.  Any  such  quivering  is  all 
conducive  to  .sparking,  and  if  the  balance  between  the  nm 
E.M.F.  and  the  self  induction  of  the  coil  is  easily  upset,  conside 
sparking  will  probably  lie  produced  :  especially  is  this  likely 
occur  if  the  armature  has  few  commutator  segments,  as,  ^4'.,  a< 
of  15  inches  diameter  wound  with  96  inductors,  and  havii 
48-part  commutator.  Apart,  however,  from  any  otlier 
a  dynamo  in  which  the  diameter  of  commutation  at  full  kHul ; 
under  the  pole-pieces,  even  if  the  brushes  can  be  adjusted  so  j 
to  be  sparklcss,  is  very  sensitive  to  small  changes  of  load,  ilnc 
very  slight  alteration  in  the  armature  current  materially  alters 
distribution  of  the  field  near  llif 
Jec/iiedly  inadviitalUc  lo  Voud  »a  »n 
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at  the  diameter  of  com  mutation  is  brought  under  the  leading 
pole-lips. 

It  may  be  assumed,  therefore,  that  in  machines  of  good  design, 
having  armatures  well  loaded  with  ampt;re-turns,  the  diameter  of 
commutation  at  full  load  is  near  the  leading  pole-tips,  but  if  any- 
thing is  slightly  behind  them,  and  on  this  assumption  it  is  possible 
to  push  our  conclusions  to  a  further  and  most  important  result.' 
So  far,  the  armature  cross  ampere-turns  have  been  expressed  in 
terms  of  »,  the  angle  as  fixed  by  the  diameter  of  commutation 
(fig.  153),  and  it  has  lieen  stated  generally  that  these  cross  amptire- 

turns  should  not  exceed —i  in    drum-    or     "   in    ring-machines. 
1-5  2 

Now  if  the  diameter  of  commutation  be  just  behind  the  polar-tips, 
we  may  for  0  substitute  <^,  the  arc  of  embrace  of  the  pole-piece, 
plus  a  small  margin  of  allowance  for  the  fairly  dense  fringe  of  lines 
immediately  outside  the  actual  polar  angle.  When  designing  a 
dynamo  the  average  density  which  the  lines  must  have  over  the 
whole  area  of  the  air-gap  is  known,  and  also  the  length  of  the  gap; 
hence  x,=-8b^  .  2I,  is  known  at  the  outset,  and  substituting  this  in 
the  equations  of  pp.  368,  371,  we  obtain  as  the  maximum  permis- 
sible number  of  cross  amptre-turns  on  a  bipolar  drum-armature 

360°        i-s       ' 
or  for  a  ring  armature 

2  '    '360"  3 

Thence  the  maximum  number  of  ampl-re-turns  that  the  bipolar 
Armature  can  carry  without  great  liability  to  sparking  is  immediately 
deducible,  viz.  for  drum-armatures 

T_  'SUj .  2/,  X  360° 


2 


C„ 


3X«/) 


_96b. 


'  The  consequences  which  follow  from  the  above  assumption  were  first 
piiinled  duI  by  Mr.  Swinlmrtic  in  his  paper  'On  the  Theory  nf  Armature 
ReACtiufwlo  Dynnmos  and  Motun,,' yuurnal  Jnsl.  Elei,  Eng.  no\,  >\».  v^^^V 
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or  for  ring  armatures  ^^^| 

Co  J_-8b,  •  *'«  \^^  ^^1 

2      2  4X^  ^^H 

It  will  be  observed  that  the  magnetising  amp^re-tuxns  of  the 
armature  are  in  a  bipolar  dynamo  equal  to  half  the  total  nrmatiaM 
current  multiplied  by  half  the  total  number  of  inductorsv,  or,  asfl 
may  otherwise  be  expressed,  to  the  single  current-sheet  formfl 
by  the  amperes  flowing  in  half  the  inductors,  i.e.  in  the  semtcircH 
corresponding  to  one  pole.  Let  these  magnetising  amjiere-tuifl 
be  expressed  by  a„,  and  in  any  dynamo,  whether  bi-  or  multi-pobfl 
let  us  call  the  product  of  the  current  c  flowing  in  each  induclfl 
and  the  total  number  of  inductors  t,  the  '  ampere-stream  '  cnvelofl 
ing  the  armature,  i.e.  A,=rt-,  the  actual  direction  of  the  twofl 
more  sheets  of  current  into  which  the  ampere-stream  is  divided  ■ 
the  brushes  being  disregarded.'  Then  in  the  bipolar  dynamo  (fl 
magnetising  ampfere-turns  a„  are  equal  to  half  the  amj)^re-strc»mP 
consequently  the  maximum  permissible  value  for  the  armatuie 

ampfere-stream  will  be  a,=  '9^^-^^v  for  drum-  or  '•*•*"?•  *^«  fifl 

ring-armatures.     We  have  thus  arrived  at  an  expression  for  tifl 
maximum  load  that  a  given  armature  c.in  carry  as  determined  sold^ 
by  considerations  of  sparking  ;  all  questions  of  healing  are  for  the 
present  held  over,  but  if  the  machine  is  not  to  be  very       '  loj 

changes  of  load,  and  if  it  is  lo  allow  of  a  slight  tem|)or.i  "«l 

of  the  armature  current  above  its  rated  output  without  sporbflfl 
then  the  product  cr  or  a,  must  not  exceed  the  values  gircn  ^| 
the  above  equations.    The  rules  thus  laid  down  must  of  coa^| 

pp.  97-105,  and  have  been  further  cUborsted  by  Mr.  Vsum,  Journal  fmL  C^f 
Eng.  vol.  XX.  part  93, '  On  the  Design  of  Multipolar  Dynnmos.'  To  t]MM^^| 
papers  the  authors  owe  much  of  thai  which  fiillows,  ^| 

'  The  convenience  of  considering  this  product  will  be  found  Uirr  toB^f 
its  ready  applicability  (o  the  case  of  bi-  and  multi-pobir  nuchina  M^| 
however  they  may  be  wound  ;  (hi»  advaninge  wan  tint  bron  it4p^H 

by  Esion,  yottma/  Inst.  EUt,  Eng.  (/«r.  .«/.),  where,  li. -<  *dH 

assigned  to  il  it  the  *  volume  of  curreni,*  in»ieait  of  the  *  smpirc-tanaM'c'^l 
armafurc.  ^^^H 
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be  regarded  as  more  or  less  elastic,  but  they  will  be  found  of 
vety  great  service  in  designing  as  indicating  the  nature  of  the 
sparking  problem  and  the  limits  beyond  which  it  is  inadvisable 
to  load  an  armature.  Economy  in  manufacture  would  dictate 
the  loading  of  the  armature  with  as  large  an  ampere-stream  as 
possible,  since  out  of  the  whole  cost  of  the  machine,  from  one 
third  to  one  half  must  be  credited  to  the  armature,  and  to 
increase  the  output  of  a  given  dynamo  nothing  is  easier  than 
to  increase  the  current  taken  out  of  the  armature.  It  is  now, 
however,  seen  that,  apart  from  any  question  of  heating,  the 
output  is  directly  limited  by  the  separate  consideration  of  spark- 
lessncss. 

It  will  further  be  seen  that  the  maximum  ampere-stream  that 

can  be  carried  is  entirely  independent  of  the  length  of  the  armature; 

it   varies   directly   as   the   average    induction  and  length  of  the 

air  gap,  and  inversely  as  the  polar  angle.    If  a  large  ampere-stream 

is  to  be  carried  with  a  given  density  of  lines  and  length  of  air-gap, 

Ibe  polar  angle  must  be  reduced  ;  this,  however,  as  a  general  rule, 

does  not  vary  much  on  either  side  of  130"  ;  if  further  reduced,  we 

are  met  by  the  disadvantageous  consequence  that  the  angle  of 

lead  throujjh  which  the  brushes  must  be  shifted  from  no  load  to 

fall  load  is  increased,  and  therefore  if  the  load  alters,  the  error  of 

the  adjustment  of  the  brushes  becomes  more  marked.'     Adopting 

Kn  average  value   for   4>>    the   maximum  ampere-stream  is  thus 

limited  by  the  values  of  b^,  and  /^.     An  increase  in  either  or  both 

directly  affects  the  ampere-turns  required  from  the  field-winding  : 

it  is  inadvisable  to  increase  B,  much  above  6,000,  and  unless  it  be 

otherwise  necessary,  /^  need  not  be  more  than  is  just  sufficient  to 

admit  the  height   of  the  insulated  inductors,  together  with  the 

necessary  clearance  for  rotation.     In  bipolar  dynamos  the  radial 

depth  of  iron  in  the  armature  core  may  be  taken  as  proportional 

o  its  external  diameter  ;   if,  therefore,  the  induction  in  cores  of 

diffetent  diameters  be  kept  constant,  the  total  number  of  lines 

flow^ing  through  an  armature  of  given  length  is  proportional  to 

the  diameter.     Assuming  a  constant  field-angle  of,  say,  140",  the 

length  of  the  arc  of  the  field  is  also  proportional  to  the  diameter. 


•  \\At  Jeuiital  Inil.  Ettc.  £ng.  (Andetsen),  vo\.  xx.  pan  9^,^.  i«)b. 
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and  therefore  the  area  of  the  air-gap  is  altered  in  the  same  ] 
portion  as  the  total  number  of  lines,  z^  ;  that  is,  the  indtiction  in  I 
air-gap  b,  remains  constant.     Now,  in  bipolar  dynamos  the  anif 
streams  carried  by  armatures  of  different  diameters  will  be  fo 
in  practice  to  vary  roughly  as  the  diameter  ;  hence,  if  the  same  na 
sparking  conditions  arc  to  be  maintained  in  tlie  several  armati 
the  length  of  the  air-gap  /,  must  also  be  proportional  to  the  diame 
Assuming  that  in  a  drum  armature  the  radial  depth  of 
core  is  about  28  of  the  diameter  (d)  in  cm.,  and  that  the  induct 
in  the  SLrmature,   b^,  is  14,500,    the   induction  in  the  air-gap] 


S6d  .  Ba  X  l  X  '9     ,  , 

^ 5 ?  =6,000  nearly, 


td 


140 
360° ' 


iiich  is  a  fair  average  value.  Further,  assuming  that  /^=d  x  -©jj 
we  obtain  for  bipolar  drum-annatures 

19a  X  6.000  X073D  ^6^0^ 
140° 

Similarly,  if  we  assume  that  in  ring  armatures  the  radial  depth  I 
core  is  -20  and  k„=j8,ooo,  wc  obtain  0^=5,300,  and  thcnct- 
the  same  relation  between  the  length  of  air-gap  and  the  <li.imrtcr-l 

144  X  5,300  X-o73P^^oot, 

140°  ^ 

for  bipolar  ring  armatures.' 

It  is  thus  clear  that  the  maximum  amiJ^re-streams  carried  I 
bipolar  armatures  may  be  increased  in  direct  proportion  to  an  ( 
crease  in  the  diameter  of  the  core,  but  only  so  long  as  /.  is  it 
same  time  increased  in  the  same  proportion. 

So  far  we  have  sf)okcn  only  of  bipobr  dynamos,  but  tiiei 
will  have  little  difficulty  in  transtcrring  the  same  reasoningi 
conclusions  to  multipolar  machines.     Fig.  155  shows  1 
a  multipolar  dynamo,  the  armature  inductors  being 
nccted  together  to  form  the  two  sets  of  anip^re-turns,  cross-i 
nclising  and  demagnetising.     Evidently  the  r  r 
p^re-lurns  producing  a  twisting  of  the  ticldumli 

■  ThCHc  iiainc  values  *xc  given  by  Euon,/M<nM//iu/.  Elu.  Mfg.  v«l  i 
put  93,  p.  270,  but  ate  there  deduced  from  somewhat  diiEcnnt 
(p.  2751- 
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I  txr-^^,  and  the  demagnetising  ampere-turns  acting  on  eacf 
magnetic  circuit  are  equal  to  ex  r .  —  ^ ;  the  two  together  form  the 


magnetising  ampfere-turns  of  the  armature  a„= 


CXT 


In  the  case 


of  the  bipolar  dynamo  the  magnetising  ampt;re-turns  were  equal  to 
the  current  sheet  corresponding  to  one  pole,  and  the  same  is  now 
seen  to  be  the  case  in  multipolar  armatures,  whatever  may  be  the 


Fig.  iss-— Back  and  croM  ampire-ituns  of  muUipoUr  Armature. 

>od  by  which  its  inductors  arc  connected  together.  Thus  thi 
.j-pole  armature  is  divisible  into  four  current-sheets,  the  direction  of 
idjacent  sheets  being  opposite,  and  similarly  the  6-pole  armature 
i«  enveloped  by  six  current -sheets  ;  in  all  cases  the  value  of  one 
current-siieel  is  the  magnetising  amiJ^re-turns  on  the  armature.  If 
the  winding  Ije  divided  into  as  many  parallels  as  there  are  poles, 

tf^-*',and  the  magnetising  ampere-turns  are  a„=-^j^;  if  the 

_c.  y  T 


nature  be  series-wound  in  a  multipolar  field,  a«= 


^v 


but 


ettber  otse 


•«N»^. 


A.= -^    The  majdmnm  pennJssible  number 


is agnn  obduned  by  equating  cxr 


to 


acooriing  as  the  annatnrc 


be  ring-  or    drum-wour 


Taking  tbe  infcriorliiBh 


-=*i^ 


''^'^^•^*--    360' 
2/,  X  360*  _  i44B,.a/, 


4>  _-8B,.a/, . 


oca. 


Now  if  tbe  number  of  poles,  p,  be  increased,  the  angle,  ^  sub- 
tended by  each  must  be  conespondingiy  reduced,  and  if  this  k- 
dixxioc  be  in  exact  propoction  to  the  increase  of  P,  P<^  is  constant. 
It  thence  follovs  that,  so  long  as  the  length  and  induction  of  the 
ur-g^)s  are  maintained  at  the  same  values,  the  magnetising  p  ' 
tunispennissible  on  a  grv  en  annatuTc  arc  a  hxcd  quantity,  3n<  1 
independent  of  the  number  of  poles  by  which  it  is  surrounded. 
But  .K,^f.  A^  and  tbenfore  for  a  given  ma^timum  a.,  the  v 
which  the  ampbre-soeam  may  have  is  directly  pro]>onional  to 
number  of  poles.     If  the  number  of  poles  be  increiised  from  two  to 
four  or  six,  and  the  angle  subtended  by  each  be  proportionately 
reduced,  the  maximum  amptre-stream  on  a  given  armature  with 
given  induction  and  length  of  air-gap  may  be  doubled  or  t  r  "  ' 
We  have  thus  arrived  at  an  expression  for  the  maximum  i" 
sible  ampere  stream  of  any  armature  Vfhich  is  applicable  to  any 
niitnlwr  of  poles,  and,  further,  is  applicable  whether  the  inductors  an: 
nnccted  together  into  two  parallcb  or  as  many  parallels  as  thert 
r  poles.  Inanyclosed-coilarmature  the  cross  magnetising  nrop^ie' 

:ting  on  each  pole  arc  equal  to  a,  -^^,  and  the  demaf' 
nctising  amp&re-turns  acting  on  each  tnagnctic  circuit  are  a,  *  ' 

The  maximum  cross  amp^-tums  must  not  exceed  ^ ' '  * « ini 
:d  therefore  the  maximum  permissible  amp^re-streun  in  all  cases' 


_i44B,.z/, 


* 


*  for  ring  aimatures, 


If  with  an  armature  of  given  diameter  and  length  the  poles  are 

Creased  in  number,  and  <f>  is  similarly  decreased,  then  so  long  as 

kept  constant,  the  total  number  of  lines  cut  by  each  inductor 

rjn  one  revolution,  viz.  z„p,  is  independent  of  the  number  of  poles. 

The  output,  therefore,  can  only  be  increased  by  increasing  the 

I  amperes  that  flow  through  the  inductors.     It  will  now  be  seen 

wherein  the  advantage  of  a  multipolar  field  for  large  outputs  lies  ; 

jereas  an  increased  ampere-stream  on  a  bipolar  armature  has 

pn  shown  to  necessitate  a  corresponding  increase  in  the  length 

'  the  air-gap,  in  the  case  of  a  multipolar  field,  a  comparatively 

Jl  air-gap  may  be  retained  even  with  a  large  diameter  and  a 

je  value  for  the  ampJ;restream.' 

The  tendency  to  sparking  at  the  brushes  is  considerably  greater 
in  ring-wound  than  in  drum-wound  armatures,  and  on  this  account 
the  maximum  cross  ampere-turns  of  a  ring  have  in  our  previous 
equations  been  maintained  at  a  lower  value  as  compared  with 
X.  than  in  the  drum.  The  reasons  for  this  inferiority  are  closely 
Scd  to  the  fact  that  a  greater  angle  of  lead  is  required  in  the 
j-wound  annature  than  in  a  drum  of  similar  dimensions,  wound 
the  same  number  of  active  inductors  and  divided  into  the 
le  number  of  sections.  The  primary  cause  of  this  must  be 
bghl  in  the  greater  resistance  and  self-induction  of  ring  loops  as 
upared  with  drum  loops,  when  both  comprise  the  same  number 
[inductors.  Unless  the  armature  be  of  a  very  large  diameter  as 
ipared  with  its  length,  the  resistance  of  a  pair  of  ring  loops  is 
ater  than  the  resistance  of  the  equivalent  single  loop  on  the 
am  armature,  and  in  consequence  the  voltage  and  strength  of 
rersing  field  required  for  a  given  current  round  the  ring  loops 
!  greater.  Next,  in  the  Gramme  ring,  the  connecting  wires,  being 
Dught  through  the  interior  of  the  ring  in  close  proximity  to  the 
^n  of  the  core,  are  themselves  encircled  by  self-induced  lines 
ssing  partly  through  the  core,  and  partly  through  the  air,  just 
the  external  inductors  are  encircled.    To  a  certain  extent,  the 


I 


•  nOe  EsKm./ounia/  Iml.  Eltt.  Eng.  vol.  %%.  part  93,  p.  267. 
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tendency  towards  greater  self-induction  in  the  ring  methc 
winding  is  -counteracted  by  the  fact  that  the  armature  core 
usually  less  radial  depth  than  in  the  drum,  and  is  worked  at  a 
much  higher  induction.  The  armature  induction  has  its  highest 
value  at  the  diameter  of  commutation,  and  in  a  ring  is  ustaDy 
about  17,000  or  more  ;  hence  the  short-circuiting  of  one  section 
produces  but  a  small  variation  in  the  number  of  lines  througlyw 
owing  to  the  saturation  of  the  iron  core  ;  it  is,  in  fact,  inadviatf^H 
to  work  with  a  lower  induction  in  the  ring  armature  owing  to  ^H 
increased  self-induction  which  would  result.  Still,  on  the  wi^| 
the  self-induction  of  a  section  of  a  Gramme-wound  arma^H 
formed  of  two  loops  and  containing  two  actix'e  inductutf^H 
greater  than  the  self-induction  of  the  corresponding  drum  lo<^H 
and  even  if  the  commutator  sections  in  the  Gramme  ring  are  dot^H 
chose  of  the  drum,  the  resistance  and  self-induction  of  the  s>l^H 
ring  loop  are  greater  than  those  of  the  half  drum  loop  which  i<^| 
one  side  of  the  armature.  Hence  a  stronger  reversing  fiel^H 
required  for  the  ring  armature,  and  the  lead  of  the  brushes  n^H 
l)C  greater.  This  in  itself  need  not  give  rise  to  sparking,  but^H 
very  slight  changes  of  the  load  the  inaccuracy  of  the  adjustm^H 
of  the  brushes  produces  a  more  violent  sparking  in  the  ring  t^H 
in  the  drum  armature.'  A  further  cause  lies  in  the  disturbing^H 
fluence  of  the  internal  field  of  lines  produced  within  the  ring^H 
the  armature  amp&re-turns.  Fig.  1 50  shows  that  the  currcnt-tq^H 
on  the  two  parallel  halves  of  the  ring  unite  to  propel  a  ctf^H 
number  of  lines  across  the  air  from  the  one  side  to  liic  othe^H 
the  interior  of  the  ring  along  the  diameter  of  commui  ^^| 

cuttmg  of  this  internal  field  by  the  inner  connecting  ■  -J^^ 

short-circuited  sections  will  be  found  to  set  up  m  them  an  K.li^H 
opposing  the  direction  of  the  E.M.F.  induced  in  the  exu^^| 
wires,  and  therefore  again  a  stronger  reversing  field  is  rcquhcd^H 
the  ring  than  in  the  drum.  ^H 

It  has  also  been  shown  that,  unless  there  be  a  fairly  n^H 
neutral  zone  between  the  poles  where  practically  few  or  IM  lj^| 
unicr  the  core,  a  very  brgc  prejudicial  current  in.  '"I^^^H 

in  the  short-circuited  coil  at  the  first  instant  ol  '^^^^H 

'Swlnbutne,y0Hm<il  /nit.  Elet.  £it^.  vol.  xix.  luil  S$.  i>.   ><>9^^^H 


SPARKING,  AND   THE  ANGLE  OF  LEAD 


ijch  current  has  subsequently  to  be  overpowered  by  the  re- 
field.      Such  an  excessive  current  is  especially  likely  to 
occur  in  ring  armatures,  where  a  section  containing  more  than 
ac    turn   per  commutator  segment   must   necessarily  have  an 
ppreciablc  width  on  the  surface  of  the  core. 

Next,  if  one  brush  short-circuits  a  section  of  a  ring  winding 

bile  tlje  opposite  brush  is  only  bearing  on  one  commutator  seg- 

ent  (as  may  happen  if  the  commutator  has  an  uneven  number 

ents,  or  if  the  brushes  are  not  placed  exactly  diametrically 

jsite),  the  short-circuit  current  of  the  one  section  is  unbalanced 

an  equal  current  in  a  short-circuited  section  on  the  opposite 

of  the  ring  ;  in  consequence  it  tends  to  propel  lines  round 

:  entire  ring,  and  these  self-induced  lines  will  further  increase 

:  work  which  the  reversing  field  must  do.     Again,  therefore,  a 

iter  lead  will  be  required  in  the  ring  armature  than   in  the 

especially  if  an  excessive  short-circuit  current  is  set  up,  as 

been  above  explained. 

Many  of  the  above  points  have  special  force  in  the  case  of 

,le-magnet  dynamos  with  ring  armatures,  owing  to  a  want  of 

inietry  in  their  fields,  produced  by  the  causes  described  on 

a8i.     When  the  field  distribution  is  unsymmetrical  on  the  two 

ies  of  the  armature,  the  correct  position  of  the  two  brushes  will 

be  at  opposite  ends  of  a  diameter,  but  one  will  require  more 

Bid  than  the  other ;  the  prejudicial  effect  of  this,  in  so  far  as  it 

the  am)ature  winding  into  unequal  portions,  has  been 

idy  described,  and   with  an   even   number   of   commutator 

gments  it  may  further  produce  sparking  owing  to  the  brushes 

short-circuiting  sections  simultaneously.    Apart,  however,  from 

liy  such  reason,  if  the  field  be  unsymmetrical  at  full  load,  a  very 

jht  change  in  the  armature  current  produces  considerable  altera- 

in  its  distribution,  destroys  the  balance  required  for  non- 

ing,  and  leaves  the  brushes  in  an  incorrect  position.'    Again, 

of  tlie  devices  mentioned  on  p.  283  for  neutralising  the 

etic  pull  on  armatures  may  effect  that  object  fairly  well,  but 

:  somewlat  apt  to  produce  a  different  distribution  of  the  field 

IVrff  Swinliurne,  '  Tlic  Theiiry  of  Armalure   Kcaclions  in   Dynamos  and 
otort,*  /tnmuit  liut.  Elcc.  Eng.  vol  lix.  No.  S5,  ftp.  9^,  96. 


I 
I 


)88 


THE   DYNAMO 


in  the  top  and  bottom  intcrjxilar  gaps  when  the  cross  i 
forces  of  a  large  armature  current  are  called  into  play.' 

Our  previous  equations  tiaveso  far  funiLshed  us  »i}h»  I 
\-alut;  for  the  amptrre-stream  of  an  armature,  Ixjyond  wha 
ijiadvisahle  to  go  ;  since,  if  this   maximum    be  exec 
dynamo  will  at  least  be  sensitive  to  changes  of  kad,  i 
probably  in  ever)"day  working  spark  badly.     The  i 
armature  a mplre- stream  does  not,  however,  by  any  i 
the  problem,  so  far  as  to  determine  whether  a  madiine 
successfully  without  sjarking  at  full  load.     We  must 
sider  the  extent  to  which  the  armature  winding  is  subdiT 
sections  by  thccommutator  segments, for  upon  this  depends,8 
the  self- induction  of  each  short-circuited  coil,  but  alsothei 
which  its  ami)trelurns  bear  to  the  total  amp^re-tums. 
given  number  of  inductors,  and  given  normal  armature  i 
self-induction  of  each  section  of  the  wmding  will  depend  i 
number  of  turns  included  within  it  ;  the  fewer    the  hl 
commutator  segments,  the  larger  the  number  of  turns  per  J 
and  the  larger  the  self-induction  of  each  section.     Thus  an] 
ture  with  160  inductors  divided  into  40  sections,  each  con 
four  inductors,  will  not  l>e  so  free  from   sparking  as  th 
annature  with  the  winding  divided  into  80  sections  of  two  ind 
each  :  the  self-induction  of  the  coil  of  four  turns  will  {>emo 
twice  as  great  as  that  of  the  coil  with  two  turns,  and  it 
fore  require  to  be  reversed  in  a  stronger  field,  will 
lead,  and  in  every  way  will  be  more  sensitive  to  slight 
load.     Further,  the  proportion  which   the  ampere- turns 
coil  with  four  turns  bears  to  the  total  number  h( 
greater,  the  short-circuiting  of  two  such  coils  simi;. 
produce  a  much  greater  quivering  or  vibration   of  Uic 
explained  on  p.  378,  and  this  ffr*<t   will  ivnnKm,-  i.-.  rec 
tendency  to  spark  greater. 

The  subdivHsion  of  the  armaiiuL 
of  small   sections  is  therefore  an  <.- 
avoidance  of  sparking,  and  the  extent  to  which  it  may  1 
OHsly  be  carried  is  only  limited  '••   •'•"  question  of 

>  rv./<  E«son,  /eurmii  Imt,  Sin.  /u^.  «uL  *\%.  No,  &6,  t>. 
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ture  and  the  difficulty  of  dealing  with  very  thin  commu- 
tator segments.    The  armatures  of  closed-coil  machines  for  high 
voltages  of  from  500  to  1,500  volts  necessarily  have  a  considerable 
numlx:r  of  turns  per  section,  since  they  are  wound  with  a  large 
number  of  inductors  ;  hence,  even  though  the  current  of  such 
machines  nwy  be  comparatively  small,  special  care  is  required  to 
render  them  sparkless  in  working,     In  the  case  of  ring-machines 
/or  moderate  voltages  of  from  50  to  200  volts,  the  number  of  turns 
per  commutator  segment  seldom  exceeds  four  if  the  current  in 
each  inductor  be  greater  than  10  amperes,  while  if  this  current  be 
greater  than  30  to  40  amperes,  it  is  generally  reduced  to  three  or 
two  turns  per  section,  until  finally,  with  over  70  amperes,  it  is 
advisable  to  adopt  as  many  commutator  segments  as  there  are 
turns.     In  drum  armatures,  with  two  loops  per  section,  containing 

E inductors,  the  amperes  in  each  inductor  may  be  raised  to  about 
for  currents  above  this,  each  section  seldom  consists  of  more 
one  loop  containing  two  inductors.    In  designing  large  bipolar 
armatures,  esf>ecially  if  for  comparatively  low  voltages,  we  are  met 
\iy  the  further  fact  that  there  is  a  minimum  limit  beyond  which  it  is 
inadvisable  to  reduce  the  total  number  of  commutator  segments — 
(ttriknit  which  may  be  set  at  about  50.     This  difficulty  is  especially 
^K  in  the  case  of  large  drum  armatures,  where  the  total  number  of 
'  Inductors  required  may  work  out  to  less  than  100 ;  the  maximum 
possible  number  of  segments  is  thus  less  than  50,  even  when  one 
section  of  the  winding  is  limited  to  a  single  loop  of  two  inductors. 
The  required  armature  current  may  be  as  much  as  i,ooo  amf>t:res, 
aad  therefore  each  section  when  short-circuited  is  carrying  500 
amperes.     The  energy  stored  up  in  such  a  loop,  and  residing  in 

Rl  magnetic  field,  is  very  great ;  hence,  if  the  reversing  field  in 
pich  it  is  short-circuited  be  not  of  the  precise  strength  required, 
c  sparking  will  be  violent,  while,  further,  the  short-circuiting  of 
two  such  loops  out  of  a  total  numbering  less  than  50  will  produce 
excessive  fluctuations  of  the  field.  Under  such  circumstances  two 
;rses  are  open  to  the  designer.  The  one  is  to  subdivide  the 
lure  winding  into  more  than  two  parallel  circuits  from  brush 
lO  bnish,  the  segments  of  the  two  or  more  windings  being  formed 
one  commutator,  and  each  brush  having  sufficient  width  to 
Itaneously  cover  as  many  segments  as  there  are  yaits  of  ^Uvs. 
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from  fanisb  to  brash.'  The  advanuige  thereby  secured  is  that] 
qui^tfing  of  tbe  rerersaog  field,  although  more  conHnuotiif 
itdnced in  amoaw ;  for.  thecomgi-..  tncnts  tK'i' 

in  onnber.  tbe  effect  of  short-c  .    each   se< 

winding  b    reduced,  ovii^    to  the    current   which   it 
beariog  i  snuller  proportion  to  the  whole.     The  ahc 
coarse  is  to  entiiely  change  tbe  design,  and  adopt  a  multip 
naature  wid)  its  winding  arranged  in  aa  many  parallels  as 
are  poles. 

Tbe  brashes  of  closed-coil  dynamos  are  now  most  comn 
made  of  copper  or  brass  gauze  of  a  fine  mesh  :   this  is 
over  OB  itself,  stitched  tQ|;ether  with  fine  copper  wire,  and 
Bat.     The  one  end  is  then  lightly  soldered  together,  while  j 
other,  which  is  exit  diagonally  across  the  mesh  to  avoid  frayin 
tbe  tip,  is  trimmed  to  an  aiig^  so  as  to  bed  evenly  on  the  CQ 
tator  stuftce  o»er  its  entire  length  and  thickness.     I  ,css  freqa 
brushes  ate  made  of  fine  copper  wires  or  thin  sheets  of 
soMcicd  together  at  one  end.     .An  average  thickness  for  the  i^ 
lating  strips  between  the  s^ments  of  smooth-surface  commut 
is  ,>jth  of  an  iitcfa,  and  the  amount  by  which  the  width  of  cq 
oi  the  brush-tip  should  exceed  this  deix.-nds  ujmn  the  le 
time  duriitg  which  it  is  ad\-isable  to  short-circuit  each 
order  to  minimise  the  sparking.     With  a  large  arc  of 
the  neutral  lone  between  the  poles  bo  narrow,  or  if  the  > 
considerable  width,  an  excessive  current  m-ny  he  gcnerat 
commencement  of  the  short-circuit ;  while  if  the  I  (rush  be' 
thin,  the  time  durirjg  which  a  section  is  short-circuited  i$  I 
long  enough  to  allow  the  current  to  be  reversed  and  raised 
to  its  normal  sttcnglh.     As  a  general  rule,  it  is  ! 
circuit  more  than  one  section  .it  a  time,  units-  ,  ai 

instant,  and  therefore  (except  in  the  case  of  double-  or  treble-' 
armatures,  alluded  to  alwve)  the  width  of  brush  cor' 
not  exceed  the  width  of  one  s^mcntand  one  insulating 
than  a  fraction  of  .i  -.cgment.  nis  is  ol 

using  a  brush  of  i'ot  ,'^,;"tliii.l:  [uakes  an  i 

about  45°  with  a  line  drawn  tangcntially  to  the  commutator  i 

'    t'idc    Mnllicf   .in  I  ..S84,  No.  768:  wwl  »«l 
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The  contact  produced  by  the  pressure  of  the  flexible  brush  on 
the  commutator  surface  being  at  best  somewhat  imperfect,  an 
appreciable  resistance  is  presented  to  the  passage  of  the  current 
into  or  out  of  the  brush.  Hence  with  large  currents  it  is  im- 
portant that  the  total  area  of  brush-contact  should  be  sufficiently 
Urge  to  pass  the  current  without  undue  heating  of  the  commu- 
tator or  brushes.  Assuming  that  the  brushes  are  set  approximately 
as  described  above,  a  current  density  of  250  ampbres  per  square 
inch  of  brush  cross-section  may  be  taken  as  a  normal  allowance, 
(ig  sufficient  contact-surface  on  the  commutator.  The 
11  which  brushes  are  usually  made  varies  from  J"  to  2",  but 
the  latter  dimension  is  seldom  exceeded,  since  it  then  becomes 
troublesome  to  maintain  proper  contact  along  its  entire  bearing 
surface.  Hence,  to  carry  any  considerable  current,  two  or  more 
s  are  mounted  in  line  on  each  arm  of  the  rocking-t)ar, 
-.y^  in  effect  one  wide  brush.  This  arrangement  further 
renders  it  possible  to  adjust  each  brush  separately,  or  even  to 
remove  one  temporarily,  without  interrupting  the  current ;  and  this 
advantage  is  so  great  that  every  dynamo  which  is  more  than  a 
toy  should  invariably  be  furnished  with  at  least  two  brushes  on 
each  arm,  each  brush  being  of  such  width  that,  if  one  be  removed, 
the  other  can  temporarily  carry  the  whole  current. 

The  pressure  of  the  brush-tips  on  the  commutator  may  lie  ad- 
justed by  altering  the  tension  of  the  '  hold-on '  spring.  '  Jumping ' 
of  the  brushes,  due  to  vibration  of  the  machine  when  running, 
must  be  carefully  avoided,  since  it  will  give  rise  to  sparking,  and 
on  ibis  account  a  substantial  rocking-bar  with  strong  but  light 
brush-holders,  capa!>le  of  being  firmly  fastened,  is  an  essential  part 
of  a  well-designed  and  well-built  dynamo.  The  brushes  should 
then  bear  lightly  and  evenly  on  the  commutator.  Any  pressure 
beyond  this  should  be  avoided,  since  it  will  not  only  cause  in- 
creased wear,  but  may  itself  create  sparking.  Occasionally,  one 
or  two  segments  in  a  commutator  wear  down  below  the  general 
cylindrical  surface  of  the  rest,  and  form  what  is  known  as  a  '  flat ' ; 
a»  the  brushes  pass  over  the  faulty  spot,  the  circuit  is  momentarily 
'  ■  n,  and  sparking  occurs,  which  rapidly  increases  the  evil.  The 
jpment  of  a  flat  may  be  caused  by  inequality  in  the  wear- 
resisting  properties  of  the  segments,  but  it  may  also  often  be  due 
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in  the  first  instance  to  sparking.  Owing  to  a  want  of  uniformit 
the  spacing  of  the  winding  on  the  armature  surface,  a  panic 
section  may  be  short-circuited  when  in  an  incorrect  position  ;J 
passage  under  the  brushes  is  then  accompanied  by  sparking,  i 
the  segment  to  which  it  is  attached  becomes  worn.  If 
wire  is  broken  or  its  connection  to  the  commutator  bn 
violent  sparking  may  be  set  up,  and  the  fauhy  coil  may  Uien  ( 
located  by  running  the  machine  until  one  segment  becomes  piti 
by  the  sparks. 

Passing  to  the  case  of  open-coil  armatures,  we  are  met 
many  of  the  same  phenomena  as  occur  in  closed-coil  armatu 
save  that  the  brushes  must  now  be  placed  approximately  on  the  line" 
of  maximum  field,  and  that  there  is  no  short-circuiting  of  a 
as  it  passes  from  one  field  to  another.    The  conditions  for  no 
sparking   will  be   readily  apparent  from  Chap.    X.      Kach 
should  cease  to  be  connected  in  parallel  with   its   more  acti^ 
neighbour  at  the  exact  moment  when  the  current  flowing  in 
former  has  been  stopped  by  the  higher  E.M.F.  of  the  latter, 
are  now,  however,  able  to  see  why,  in  the  diagrams  of  that  cha(>l 
the  line  m  m  is  shown  displaced  forwards  in  the  direction  of  rotatii 
and  is  not  exactly  at  right  angles  to  a  line  of  symmetry  drawn  \ 
tically  between  the  two  poles.     The   reaction   of  the  amuQ 
current  in  open-coil  dynamos  produces  effects  of  exactly  llic 
nature  as  in  closed-coil  dynamos  ;  the  field  is  disi>larcd  for 
and  consequently,  when  the  armature  current  is  considerable,  I 
line  of  maximum  action,  while  still  approximately  at  right  ang 
to  the  neutral  line  nn,  no  longer  coincides  with  a  line  passi| 
through  the  centres  of  the  poles  (cp.  p  444).     It  will  re.ndily 
understood  that  in  such  machines,  owing  to  the  small  number  j 
coils  the  abruptness  of  the  changes  made  in  their  mutual  conn 
tions,  and  the  high  voltages  induced  per  coil,  a  certain  amount  | 
sparking  is  almost  unavoidable.     Such  sparking,  however,  i» 
by  any  means  so  detrimental  as  might  l)e  thought :  the  con 
tator  segments  being  insulated  on  the  surface  by  air-gaps, 
sparkii  pass  from  the  overhanging  edge  of  the  segment  to  tlie  lu 
and  do  not,  therefore,  destroy  the  surfnce   of  the   comii 
Hence  the  apparently  violent  sparking  of  open  coil 
not  nearly  so  injurious  to  their  commuutors  as  very  muchl 
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sparking  would  be  when  acting  on  the  smooth-surface  commutators 
of  closed-coil  annatures. 

The  brushes  of  high-tension  open-coil  dynamos  are  usually 
made  of  thin  sheet  copper  of  considerable  springiness.  Each 
brush  is  slit  up  longitudinally  for  some  distance  from  its  bearing 
end,  so  as  to  form  three  or  four  teeth,  and  is  then  set  almost  tan- 
gentially  to  the  commutator  surface. 
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rrrSttc  exceptkni  of  '  sparking,'  prolably  no  subject  is  of 
iinporunce.aUke  to  tbe  designer,  the  purchaser,  and  the  attendant,' 
as   the  questiaa  of  the  beating  of  dynamos.    The  continuous 
gmcration  of  beat  in  the  vmatttrc  and  magnet-windings  of  all 
dynaiDos,  so  long  as  they  are  at  work,  is  a  necessary  consc<]Dcncc 
of  the  passage  of  the  current  through  their  coils,  and  the  ap;    -r 
anoe  of  this  heat  implies  that  a  corresponding  amount  of  cm.  „; 
is  *  lost,'  in  so  far  as  no  useful  work  is  derived  therefrom.     .^11 
that  can  be  done  from  the  point  of  view  of  economy  is  t'  i 
the  amount  of  the  heat  which  is  thus  generated,  so  as  t 
reasonably  high  efficiency,  such  as  is  suited  to  the  circumsi. 
of  any  given  case.     .Apart,  however,  from  the   question  o! 
amount  of  heat  produced  every  second,  or  its  rate  of  generaiia 
in  watts,  there  is  the  further  and  equally  important 
tenificrature  to  which  any  part  of  the  dynamo  is  : 
Whether  it  be  the  field-magnet  coils  or  the  armature  which  is  \ 
source  of  heat  in  question,  when  the  machine  L^  set  to  wock  I 
temperature  of  their  mass  gradually  and  continuously  rises  i 
the  tcmpenture  of  the  surrounding  air,  until,  finally,  the 
which  tile  heat  is  generated  is  balanced  by  the  rale  at  whic 
carried  olT  by  radiation,  convection,  and  conduction  :  after  i 
Ing  the  temperature  which  satisfies  this  condition,  i      "     '.<ti 
Inkcs  place.     Evidently,  therefore,  the  rxVt' of  tenip> 
curntially  upon  ihc  amount  of  cooling  surface  provided, ; 
actual   effectiveness  in   dissipating   heat,  and,  this  being" 
follow*  that  it  may  be  regulated  so  as  not  to  exceed  a 
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maxtmum,  if  the  amount  of  cooling  surface  be  duly  proportioned 
to  the  watts  expended.    Before,  however,  we  enter  ujion  this  point, 

have  first  to  consider  in  what  way  a  high  temperature  is 
tually  detrimental  to  a  dynamo,  and  also  the  closely  connected 
question,  in  what  way  a  large  range  of  temperature  is  injurious  to 
its  working  :  it  will  be  found  that  they  are  so  in  three  ways. 

In  the  first  place,  the  higher  the  temperature  of  any  portion  of 
the  electrical  circuit  of  a  dynamo,  the  greater  is  the  loss  of  energy, 
due  to  the  passage  of  a  given  current  through  it.  For  each  degree 
Fahrenheit  that  the  temperature  of  a  piece  of  copper  rises,  its 
electrical  resistance  rises  about  02 1  per  cent.  ;  if,  therefore,  its 
temperature  be  raised  from  60°  F.  to  1 20"  ^^,  the  increase  in  its 
resistance  will  be  1 2-6  per  cent,  of  its  resistance  at  60°  F.  The  Hmils 
of  temperature  within  which  dynamos  are  worked  under  average 
conditions  may  be  taken  as  60°  Y.  and  1 20°  F.,  the  former  corre- 
sponding with  an  average  value  for  the  temperature  of  surround- 
ing air,  and  the  latter  to  an  ultimate  temperature  which  it  is 
fretjuent  for  the  coils  to  attain  when  the  dynamo  is  worked 
continuously,  or  for  many  hours  together,  at  its  normal  output. 
Hence  the  increase  in  the  resistance  of  the  copper  wire  on  an 
armature  which  rises  60°  F.  is  as  much  as  1 2'6  per  cent.,  or  r„  hot 
=  J  •126  R„  cold  ;  and  when  a  given  current  is  passed  through  the 
amuture,  the  loss  of  volts  over  its  resistance  when  hot  is,  of  course, 
increased  by  the  same  percentage.  Not  only  must  this  increase 
be  allowed  for  in  the  design,  but  it  further  involves  an  equally 
increased  loss  of  energy.  Again,  the  lieating  of  the  series  coils  on 
the  field-tnagnets  of  series-  or  compound-wound  dynamos  increases 
the  loss  of  power  in  them  for  the  same  output  at  the  terminals  ; 
while  in  the  case  of  separately-excited  or  shunt  machines  the 
E.M.F".  at  the  ends  of  the  exciting  coils  must  be  raised  if  the 
same  number  of  ampfcres  is  to  be  passed  through  their  turns  when 
hot  as  when  cold,  so  that,  again,  more  energy  is  expended  after 
the  machine  has  become  heated. 

Armatures  are  seldom  wound  with  more  than  one  or  two 
layers  of  wire,  and  therefore  the  temperature  of  the  outside,  is 
measured  by  a  thermometer  placed  in  contact  with  the  outer 
u  rovenng  of  the  conductors,  may  be  taken  as  indicating 

;i^  _  lely  the  actual  temperature  of  the  cot\*iueVo\s  vVviiv»si<iv'H«s>. 
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But  in  the  case  of  a  large  number  of  layers  wound  rlosel^ 
one  another,  as  in  a  field-magnet  coil,  an  appreciable  di£ 
of  temperature  is  required  to  produce  the  flow  of  heat  to 
outer  surface,  by  conduction,  partly  through  the  length  of 
wire  itself,  aiid  partly  from  layer  to  layer  across  the  ititervcnii 
cotton  covering,  this  latter  being  a  bad  thermal  conductor.  Hen 
the  temperature  of  the  inner  layers  of  the  winding  is  considcrab 
higher  than  that  of  those  on  the  surface,  and  in  calculating  i 
resistance  of  a  coil  of  many  layers,  the  average  temperature  of  I 
whole  length  of  wire  must  be  taken  as  higher  than  that  of  tt 
outer  layer  as  measured  by  a  thermometer  applied  externally. 
The  allowance  to  be  made  for  the  increased  temperature  will  va 
with  the  depth  of  winding  and  the  closeness  with  which  the 
fits  the  magnet ;  for  the  field-magnet  coils  of  ordinary  machine 
the  ratio  of  the  actual  increase  in  resistance  to  the  increase  as  i 
culated  from  the  temperature  of  the  surfece  varies  from  ab 
I -25  for  a  depth  of  winding  of  75"  to  about  i"5  for  a  i 
2^"  or  3".  Thus,  if  the  depth  of  winding  in  a  field 
coil  be  2^  inches,  and  the  temperature  of  its  surface  rises  55* 
the  actual  increase  in  its  resistance  will  be  about  0-21  X55°xi 
=  i7'3  per  cent,  of  its  resistance  when  cold.'  Such  considcntL 
percentages  show  that  the  effects  of  heating  must  on  no  acco 
he.  neglected  in  designing  machines  or  in  estimating  their  elficie 

In  the  second  place,  the  rise  in  temperature  of  a  dynamo  who) 
at  work  produces  a  disadvantageous  effect  upon  the  regulation 
its  voltage.     As  already  mentioned,  the  separately-excited  mach 
requires  the  E.M.F.  applied  to  its  exciting  coils  to  lie  raised,! 
the  same  number  of  ampere-turns  is  to  be  maintained  when  tb 
field-winding  is  hot  as  when  it  is  cold  ;  while  if  the  tcnnii 
E.M.F.  of  the  dynamo  is  to  be  kept  constant,  its  internal  E.M 
must  be  increased  in  order  to  compensate  for  the  incrcascdj 
of  volts  over  the  heated  armature  coils,  and  this   nece 
cither  a  further  increase  in  the  exciting  E.M.F.  or  a  higher 
of  rotation.    Similarly,  the  self-regulation  of  the  coni|K)und- 
machine  for  constant  potential  is  injuri<'    ' 
ferences  in  the  resistances  of  its  shunt,  ^ 
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)t  and  when  cold  :  if  correctly  compounded  when  cold,  the 

constancy  of  the  potential  must  necessarily  be  inferior  when  it  is 

31,   or    vice   v<rsd.     In   fact,   in    designing    compound-wound 

Dachines  it  is  especially  important  that  the  rise  of  temjjerature  of 

ie  field-magnet  winding  be  not  so  great  as  to  seriously  affect  the 

'comi>ounding  action  of  the  two  sets  of  coils,  and  it  should  pre- 

Jctably  be  limited  to  about  50°  F.  at  the  most. 

Thirdly,  and  of  chief  importance,  if  the  temperature  of  any 
iil  becomes  very  high,  the  cotton  or  other  fibrous  material  com- 
monly used  for  the  insulating  covering  of  the  copper  wires  will  be 
bunit  or  charred  ;  the  insulation  between  neighbouring  turns  is 
iius  broken  down,  and  the  short-circuiting  which  ensues  is  only 
linated  by  complete  collapse.     A  '  bumt-out '  armature  may 
the  result  of  an  accidental  short-circuiting  of  the  machine,  the 
beat  from  the  excessive  current   almost   instantaneously  raising 
he  temperature   so   much   as  to  literally   burn   the   insulation. 
)uite  apart,  however,  from  such  accidental  heating,  the  result 
continually  working  a  machine  at  a  high  temperature  is  a 
idual  deterioration  in  the  toughness  and  mechanical  strength  of 
le  insulating  coverings  of  the  wires.     All  materials  in  ordinary 

:  for  insulating  purposes  are  alike  subject  to  this  gradual  decay.  ■ 
Slowly  but  surely  they  become  charred  and  rotten,  the  cotton  or   " 
lUco  crumbling  away  when  touched,  and  the  blackened  paper 
and   fibre   becoming  excessively  brittle  ;  so   that,  although   the 

I  insulation  resistances  may  still  remain  very  high,  the  liability  to  a 
breakdown  is  enormously  increased.  When  old  Gramme  arma- 
jtures  are  taken  to  pieces  for  repairs,  the  cotton  covering  of  the 
Internal  layers  of  wire  which  have  been  continuously  subjected  to 
high  temperatures  may  be  found  to  be  a  mere  charred  powder, 
[Which  can  lie  wij^ed  away  with  the  finger. 
Finally,  among  the  drawbacks  incidental  to  a  great  variation 
in  temperature  of  the  armature  may  be  mentioned  the  expansion 
«nd  contraction  which  take  place  in  its  metal  framework  as  it 
heals  or  cools  ;  for  example,  if  the  rise  be  very  great,  heat  is  con- 
■  ducted  along  the  armature  shaft,  and  its  expansion,  either  within 
[the  bearings,  or  lengthwise  between  the  collars  that  limit  the  end- 
f  play,  may  set  up  undue  friction,  or  even  cause  it  to  seize.  Under 
I  ordinary  circumstances,  however,  such  troubles  are  rather  to  1)C 
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and  lian%  require  to  be 


It 


tfait  tbe  ultunalc  temperature 
[  bf  a  dynuao  wfaen  at  voik  is,  oC  aO  questions,  the  iniMt 
If  ks  vires  are  itwaUtfrf  vith  the  usual  materials,  the 
fiajuem  alliiniwul  of  a  voy  h%b  tempciature  is  incompatible 
vitfa  a  long  fife,  and  tins  coaideiatioo  of  durability  leads  us 
to  fix  a  "«■"■■"■'  tenpenture,  viiidt  no  pan  of  the  toach^fl 
wmwld  <  wg>  A  Vk  oootiaBoits  "■"fKiBg,  ^H 

SoBMC  in»talois  have  endeavoared  to  make  use  of  insulati^| 
materials  wlikli  may  by  rontiast  with  cotton  and  paper  he  call^| 
firepnwf ;  the  wires  may  then  be  alloved  to  reach  very  hi^V 
tnnperatures,  soch  as  250°  F^  prorided  that  considerations  of 
efficiency  allow  of  it  But  soch  attempts  have  not  met  with  ohI 
great  sorrew ;  even  if  the  insulation  be  satisfiictory  as  regatdf  ^| 
mechanical  and  heat-resisting  qualities,  it  may  occupy  too  maoH 
room  ;  further,  the  heat  gradually  spreads  to  the  commutator  aaV 
brushes,  while,  lastly,  the  second  consideration  of  p.  J9A,  s'u.  the 
great  dtSerenoe  in  the  electrical  resistances  when  hot  and  when 
cold,  introduces  difficulties  in  the  r^ulation  of  the  «o)tan^ 
Returning,  therefore,  to  the  more  usual  case  of  armatures  ad^| 
field-roagnet  coils  insulated  with  cotton,  silk,  tape,  fibre,  or  pop^H 
the  maximum  temperature  which  they  should  lie  allowed  to  atti^H 
in  continuous  work  cannot  be  set  higher  than  about  lyo"  F.  i^| 
the  most,  and  even  then  it  must  be  remembered  that,  if  a  oa^| 
consist  of  a  large  number  of  layers,  the  limiting  temperature  ^H 
the  surface  must  be  appreciably  lower.  ^B 

Having  thus  fixed  upon  a  maximum  permissible  tempentuic,  J 
^is  at  once  evident  that  the  number  of  degrees  by  which  a  dynamo  I 
^hj^  be  allowed  to  rise  in  temperature  is  entirely  dependent  apoe  I 
^^Btalting-point  from  which  this  rise  takes  place;  in  other  wonh  | 
^^^Dbe  temperature  of  the  surrounding  air  during  the  woHtii^H 
^^Pk  dynamo,  llius,  in  the  case  of  dynamos  working;  in  bfi^| 
^Hbkphercs,  for  instance,  in  the  engine-ru«jni  of  a  stea-  -^J 

^^hca,  where  the  normal  temperature  may  be,  V[\<\  <'''  ",^^H 

^Hiuch  as  ii<;°  F.,  the  |)ermi.ssible  rise  is  much  1-  "^^^1 


THE  HEATING  OF  DYNAMOS 

Stput  of  a  dynamo  is  dependent  upon  the  rise  in  temperature 
rhich  is  permitted,  and  it  therefore  follows  that  the  output  is 
indirectly  limited  by  the  normal  temperature  in  which  it  is  to  work, 
and  from  which  the  rise  is  reckoned.  It  is  seldom,  however,  that 
in  specifications  of  dynamos  the  actual  limits  of  temperature  are 
stated,  inasmuch  as  they  must  necessarily  be  somewhat  vague,  and 
h  is  more  frequent  to  find  the  maximum  rise  of  temperature  alone 
apeci6ed,  this  rise  being  such  as  will  not  be  likely  to  endanger  the 
insulation  under  ordinary  conditions.  Thus  it  is  generally  stipulated 
that  the  machine  must  run  satisfactorily  during  a  test  of  six  hours' 
duration  at  full  load  without  undue  heating  of  any  part,  and  that 
at  the  end  of  the  run  the  tcmjierature  of  the  armature  or  field- 
winding  must  not  exceed  the  temperature  of  the  surrounding 
air  by  more  than  70°  F.  The  rise  of  temperature  is  usually 
obtained  by  comparison  of  the  readings  of  two  thermometers,  the 
one  registering  the  temperature  of  the  room  within  a  few  feet  of 
the  dynamo,  and  the  other  placed  in  contact  with  the  exterior  of 
the  winding,  and  therefore  indicating  the  temperature  of  the  sur- 
fece.  Hence,  assuming  a  normal  temperature  of  70°  K.  for  the 
surrounding  air,  it  will  be  seen  that  the  maximum  temperature 
which  the  surface  of  the  coils  may  attain  is  140°  F.,  and  this 
Ihnit  is  found  to  give  thoroughly  satisfactory  results  in  practice. ' 

'Die  great  importance  of  the  safe  rise  of  temperature  lies  in  the 
foct  that  it  determines  the  output  of  any  dynamo,  and  this  it 


*  In  (he  specifications  of  the  British  Admiralty,  from  which  the  rise  of 
TCf"  F.  has  largely  been  copied,  the  temperature  of  the  room  during  the  test 
nm  i)>  further  given  as  120°  K. ,  and  hence  the  permitted  linal  tempemture 
would  lie  ai>  much  as  190".  The  high  temperature  thus  permitted  is,  however, 
largely  discounted  by  nni  ithcr  stipulation,  viz.  that  at  the  end  of  the  six  hours' 
ran,  and  o»f  minute  a/ler  stopping,  no  accessible  part  of  the  dynamo  shall  have 
■lt«incd  a  temperature  more  than  30°  K  above  that  of  the  room.  Although 
thil  latter  cundilion  cannot  be  defended  on  strictly  scientific  grounds,  slill  (he 
combined  elfcol  of  tliese  two  clauses,  as  well  a^  of  other  conditions,  has  siilViccd 
lo  iccurr  for  the  Admiralty  dynamos  of  the  very  best  quality.  Indeed,  the 
Admiralty  specification  for  combined  sets  of  engines  and  dynamos  has  lieen 
Urgely  institiniental  in  formulating  the  requirements  of  engineers  in  general, 
and  n  well  worth  studying  as  the  result  of  the  accumulated  experience  of 
many  years.  In  the  United  Slates,  dynamos  are  frequently  worked  at  con- 
(.iilrralily  liifhui  Icnipiralufes  than  would  be  toletaled \n Y.t\\^M\i\. 
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does  chiefly  by  limiting  the  maximum  current  that  may  t>e 
throogfa  a  given  armature  in  continuous  working.     Of  couhk;  I 
permissible  armature  current  may  be  determined   in  the  case  i 
Hncontinuous-current  dynamos  by  the  question  of  sparking  as  cxj 
^plained  in  Chap.  XVII.,  or  in  the  case  of  altern.itors  by  the  wtii 
induction  of  the  armature  causing  too  great  a  drop  in  the  termiti 
>-oIts  (p.  497)  ;  but  in  by  far  the  largest  number  of  cases  these  limit: 
ing  considerations  do  not  take  cfTcct  until  the  output  is  dectxhrelj 
fixed  by  the  serious  heating  which  would  occur  in  everyday  workin 
if  the  armature  current  were  increased. 

The  rise  of  temperature  deemed  permissible  by  diffcrenl 
makers  \'aries  somewhat  according  to  the  different  ultimate  tem- 
peratures and  starting-points  which  they  have  in  view,  and  con- 
sequently the  normal  output  at  which  one  and  the  sami 
would  be  rated  for  continuous  working  will  likewise  be  .1 
but  under  average  circumstances  a  rise  of  70°  V.  may  be  taken  ai 
a  thoroughly  practical  guide  in  determining  the  output  of  i 
dynamo. 

The  time  taken  for  the  armature  and  field  coils  of  :i 

I  to  attain  their  ultimate  temperatures  is  dependent  upon  i: 
At  the  commencement  of  the  run  the  rate  at  which  heat  is 
duced  is  almost  as  great  as  when  the  machine  has  alt  ' 
maximum  temperature,  but  part  of  this  heat  is  absorlx'tl 
the  temperature,  not  only  of  the  winding,  but  also  of  the  core  1 
magnet  on  which  it  is  wound.     The  larger  this  mass  which  has  1 
[be  heated,  the  longer  will  be  the  time  taken  in  raising  itstCTupca-J 
ture,  until  the  final  slate  is  reached  in  which  the  heat  has 
]issipated  almost  entirely  by  radiation  and  convection-cur 
the  surrounding  air.     A  certain  difference  of  temperature  l>rti 
ie  cooling  surfaces  and  the  surrounding  air  must  then  haraj 
Eslabiislied  sufficient  to  enable  the  heated  masses  to  imtt^ 
Jjcir  he.it  as  fast  as  it  is  generated.     If  a  machin 
constant   load  for  several  hours,  and  the  rise  of  !■     , 
trmaturc  or  field-winding,  as  taken  at  intervals  of,  say,  on 
l)e  pidiud  as  ordinatcs  to  a  horizontal  axi 
|obiaincd  will  be  found  to  gradually  bend 

i  more  flat  ;  finally  the  leadings  will  fall  almost  in  a  straigbi  0 
jntal  line,  showing  that  a  steady  temperature  ha*  then  U* 


Bsnear  Such  an  experiment  enables  us  to  be  certain  that  tlie 
b1  state  has  been  reached,  and  the  time  which  we  find  that  a 
BUiruo  of  given  size  takes  to  attain  its  maximum  temperature  will 
rve  as  a  clue  to  the  number  of  hours  for  which  a  machine  of  ^ 
bilar  size  should  be  run  at  full  load  in  order  to  test  it  thoroughly,  fl 
■■k  a  ring  armature,  of  which  the  core  dimensions  are  9"  dia- 
PBx  12"  length,  will  attain  its  final  temperature  after  about  four 
Nus'  nin  at  full  load,  a  drum  armature  15  "  diameter  x  19  "  long 
Bl  barely  reach  its  maximum  rise  in  six  hours,  and  larger 
■chines  will  require  to  be  run  for  still  longer  periods.  The 
lennometer  employed  to  measure  the  temperature  of  the  surfaces 
UMiId  fircfcrably  be  of  a  sensitive  chemical  type,  the  graduated 
■as  stem  having  a  very  fine  bore,  and  the  small  cylindrical  bulb 
Jntaining  but  little  mercury  ;  after  being  laid  or  held  in  close  con- 
tct  with  the  winding,  it  should  be  covered  with  some  material 
uch  as  a  piece  of  rag)  which  is  a  bad  conductor  of  heat,  and 
len  allowed  to  remain  undisturbed  for  several  minutes  until 
K  mercury  entirely  ceases  to  rise.  When  a  rotating  armature 
;  1  at  the  end  of  a  run  or  at  any  time  for  the  purpose  of. 

1  ^.  .rmometer  readings,  the  temperature  of  its  exposed  sur- 
hce  continues  to  rise  for  some  minutes  after  the  rotation  has) 
iHed.  The  generation  of  heat  ceases  with  the  rotation,  but 
^P«imultaneous  cessation  of  the  air-currents  set  up  by  the 
prolving  p.irts  virtually  amounts  to  a  large  reduction  in  the  cool-  ^M 
>g  power  of  the  surfaces,  and  in  consequence  the  fall  of  tempera-  ^ 
kre  betweerj  the  inner  or  hottest  parts  and  the  external  surface 
\  reduced  ;  in  other  words  *he  outside  rises  by  conduction  to  a 
Bgher  temperature,  more  nearly  the  same  as  that  of  the  centre  of 
jeot.  Both  the  cotton  insulation  of  the  wires  and  the  shellac  or 
pther  varnish  with  which  they  are  coated  are  bad  thermal  con- 
luctors,  and  it  therefore  takes  an  appreciable  time  for  the  heat  to 
lenetrate  through  them  to  the  outside  of  the  armature.  It  may 
bnher  be  mentioned  that,  owing  to  the  low  thermal  conductivity 
( insulating  materials  in  general,  if  a  heated  armature  be  cursorily 
kit  with  the  hand,  the  bare  metal  of  the  binding -wires,  or  even  of 
be  comjnulator,  will  api^ear  hotter  than  the  insulated  wires,  and 
bese  latter  may  seem  comparatively  cool  to  the  touch  :  any  such 
bonclu.sion  i--  hinvtirr,  (.'ntirely  illusory,  and  the.  continued  appli- 
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CAtion  of  the  hniiil  t(i  thi-  ronrfurfort,  wTlT  iciiiilK 

the  error. 

We  have  now  to  consider  i: 
ictnperauirc  in  a  dynamo— a    . 
into  two  portions,  dealing  respeoivdy  with  the  heid- 
and  the  armature. 

In  the  case  of  the  exciting-coils  the  question  is 
solution.     The  heat  generated  in  them  is  simply  tfiat^ 
passage   of  the  current    through  their  resistance,  an^ 
expended  over  them  arc  therefore  easily  calculated  as  | 
of  the  square  of  the  current  into  the  resistance.     Furthe 
are  usually  stationary,  and  are  therefore  by  no  means  soi 
affected  by  currents  in  the  surrounding  air  as  is  the  rotatir 
ture.     Hence  their  rise  of  temperature  is  solely  dep>end 
ratio  which  the  watts  bear  to  their  cooling  sur&ce,  and! 
external  draughts  can  be  very  approximately  predicted^ 
already,  in  Chap.  XIV.  p.  264,  given  a  Ijasis  for  calc 
coohng  surface  of  a  coil,  or  at  all  events  a  surface  tq 
j^^i  .. .  ,..T  ,,,  ^jy  approximately  be  regarded  as  prop 
ccf                '-m-c  must,  however,  be  drawn,  according  as( 
c)06tJ>  :-      ;.   Mi,ii;nct  all  round  its  inner  surface,  or  is  ' 
former  <'i  iin  i  .••.  une  or  more  of  the  sides  stand  away 
iron  magnet.     In  the  latter  case  a  free  circulation  of  air  is  1 
between  the  fortner  and  the  magnet,  and  if  they  be  veil 
cuTTcni  of  air  will  thus  ascend  and  materially  assist  m  j 
the  boit  bjr  owvvriion.     Against  the  advantage  of  | 
cooling  powei  must,  t>owe>'er,  be  set  the  fact  that  tti 
«*di  torn  o/  wire  is  slightly  inctx»sed  by  the  margin  ' 
between  the  bnhbin  and  ibe  mn 
fitting  coiU  of  douhie-cotton-cc) 
on  the  outside,  the  final  rise  01  temperature  ol  ihc| 
dqpv«a  Kahrenbe- "  •"•  .iiiprtwimatcly 

.  ..  _90xw 
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is  obtained  between  at  least  one  side  of  the  former  and 
let,  the  constant  is  reduced,  and  we  have 
80  xw 

'X  will  readily  be  understood  that  the  values  which  should  be 

ed  to  the  numerical  coefficient  in  these  formute  are  con- 

liderably  affected  by  the  shape  of  the  machine  and  the  position 

j£  its  coils.     The  above  equations   may,  however,  be  taken   as 

Ipplicable  to  stationary  field-coils  of  usual  size  and  under  ordinary 

nnditions  ;  that  is,  when  they  are  well  exposed,  and  to  a  slight 

(xtent  cooled  by  the  draughts  which  an  armature  revolving  in 

dose  proximity  sets  up  in  the  surrounding  air.     In  both  cases 

ttie  cooling  surface  of  the  end-flanges  has  not  been  reckoned, 

nd  as  their  influence  becomes  more  important  the  greater  the 

Jcpth  of  the  winding,  the  temperatures  deduced  from  our  equa- 

ions  will  be  somewhat  too  high  in  the  case  of  large  machines 

onng  coils  more  than  2\  inches  deep.     If  the  permissible  rise 

of  temperature  be  taken  as  about  so°-6o°  F.,  it  will  be  seen  that 

l"S  sq.  inches  of  cooling  surface  must  be  allowed  per  watt,  and 

his  ratio  may  frequently  be  found  in  practice.     A  greater  rise, 

hhough  perhaps  permissible  on  the  score  of  the  tinal  temperature 

iiched,  is  seldom  advisable  owing  to  the  difference  which   it 

luses  in  the  exciting  power  according  to  the  time  during  which 

be  machine  has  been  at  work. 

When  we  pass  to  the  question  of  the  final  rise  of  temperature 
a  an  armature,  the  problem  before  us  is  far  more  complex,  and 
liis  for  two  reasons.  In  the  first  place,  it  is  difficult  to  calculate 
^th  accuracy  the  watts  actually  expended  in  heating  the  armature. 
'he  sources  of  the  heat  are  threefold,  viz.  (1)  the  loss  of  electrical 
T»erg)'  due  to  the  passage  of  the  total  current  through  the 
STnature  resistance  ;  (2)  eddy  or  Foucault  currents  set  up  in  the 
op|)er  winding,  in  the  armature  core,  or  in  its  supporting  frame 
irork,  mcluding  tlie  shaft  ;  and  (3)  the  magnetic  loss  due  to 
f^  ;s.     The  first  and  third  of  these  can  be  calculated  with  a 

gree  of  approximation,  but  the  second  loss  is  very  largely 
idetenninate,  inasmuch  as  it  is  dependent  on  a  number  of  con- 
itions,  such  as  the  width  of  the  armature  inductors,  the  strength 
I  the  field,  and  the  speed. 
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In  the  second  place,  the  rate  at  which  a  given  arinature  ( 
part  with  the  heat  generated  within  it  is  most  materially  affo 
by  its  speed  of  rotation,  and  also  by  the  shape  and  numt 
the  pole-pieces  which  surround  it,  in  so  far  xs  they  allow  ojj 
actively  promote  a  more  or  less  free  circulation  of  the  air  over  j 
surface  of  the  winding.     The  exact  effect  of  either  of  these  cat 
does  not  admit  of  very  accurate  generalisation,  since  it  nc 
sarily  varies  under  different  conditions.     How  imjwrtant  a  pan 
played  by  the  peripheral  speed  of  a  rotating  armature  in  incre 
its  cooling  power  is  at  once  evident  from  a  comparison  of  ibc 
watts  which  it  can  dissipate  with  the  watts  which  a  st.T 
field-coil  can  dissipate:  if  their  cooling  surfaces  l)e  Teck»^i 
a  similar  basis,  and  the  rotating  armature  have  a  peripheral  Sfwtd 
of  2,000  ft.  per  minute,  roughly  speaking,  it  will  be  found 
the  latter  can  dissipate  nearly  twice  as  many  watts  per  square  inc 
of  cooling  surface  for  the  same  rise  of  temperature  in  the 
cases.    But  even  the  increase  in  the  cooling  power,  due  to  a  | 
peripheral  speed,  defxinds  largely  upon  the  nature  of  the  vriiw 
the  construction  of  the  armature  core,  and  the  disjjosition  > 
pole-pieces.     If  the  surface  of  the  armature  winding  be  brok 
so  that  the  air  can  play  u|>on  more  than  the  outer  face  1 
inductors,  or  even  reach  freely  to  the  core,  the  cooling  actio 
increased.     Again,  the   numerous    poles    of    large    multili 
machines  break  up  the  currents  of  air,  and    this  effect 
marked  in  thecaseof  discoidal-ring  alternators,  revolving 
a  number  of  |)oles  on  either  side  of  the  armature.     Ii  i»  th< 
impossible  to  lay  down  any  general  formula,  expressing  ihei 
power  of  a  given  surface  at  different  speeds,  which  will 
case  of  entirely  different  types  of  machines,  and  all  equations  < 
necting  rise  of  temperature  with  a  certain  ratio  "f  watts 
inch  must  necessarily  be  only  approximate. 

Confining  our  attention  for  the  present  to 
continuous-current  dynamos,  with  ring  or  drum  ai 
almost  unifonnly  over  their  entire  surface,  we  shall  tind'j 
number  of  formulre  have  liecn  published  for  tfic  ikternil 
their  rise  in  temperature  :  many  different  methods  of  n 
til-  ■    surface  have    W<- 
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<jin..  iiowever,  can  be  regarded  as  truly  reliable,  or  as  possessing 
even  the  approximate  accuracy  which  may  fairly  be  expected  ; 
since  when  applied  under  conditions  differing  apparently  but 
slightly  from  those  contemplated  by  their  inventors,  they  may  lead 
to  results  which  were  certainly  far  from  being  contemplated.  The 
reason  for  this  is  to  be  found  in  the  fact  that  the  eddy-current 
loss  has  never  been  assigned  a  separate  and  prominent  place  in 
Jculating  the  total  watts  expended  over  the  armature  ;  it  has  in 
3st  cases  been  entirely  left  out  of  sight,  owing  to  the  difticulties 
both  of  ascertaining  its  exact  value  in  a  machine  under  test  and 
of  estimating  its  pniliable  amount  when  designing  a  new  machine. 
In  order  that  the  reader  may  judge  of  the  importance  of  the 
Ittddy-current  loss  the  following  table  is  given,  which  embodies  the 
results  of  tests  made  on  ordinary  commercial  machines,  constructed 
liy  different  well-known  makers  :  the  losses  are  those  which  occur 
when  the  dynamos  are  run  at  their  rated  outputs  and  speeds,  and 
in  each  case  the  eddy-current  loss  has  been  determined  by  actual 
expcrimcnL 
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To  these  may  be  added '  the  three  following,  of  which  full 
accounts  have  been  published  by  Dr.  Hopkinson  (reprinted  in 
'Original  I'apers  on  Dynamo  Machinery,'  pp.  79-133  and  pp. 
135-139) ;  but  in  these  cases  the  eddy  current  loss  is  obtained  by 


'  In  the  case  of  a  discoidal-ring  continuous-current  armature,  described  by 

■  f.JoMmol  Inst.  EU(.  Eiig.    xviii.    1889,  p.  620,  the  watts  exjiended 

.  ;<.Titsi5  and  eiidy-cutrcnls  at  900  revs.  |>et  min.  were  respectively  291 

Mid    1,240.     I'he  designed  oulput  ua^  iS  kilowaU<>,  but  it  is  nut  mentioned 

■t  whal  HtccJ  the  dypjuao  w»«  intended  to  be  nm. 
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sutitracting  from  the  measured  waste  power  in  the  amiat 
calculated  hysteresis  loss. 
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Thus  the  relative  proportion  of  the  three  armature  losses  « 
considerably  in  machines  of  different  construction  and  sne. 
compared  with  the  watts  expended  over  the  resistance  of  | 
armature,  the  hysteresis  loss  is  relatively  most  important  in 
case  of  small  machines  driven  at  a   high   speed,  and   thcreC 
having  a  high  periodicity  ;  in  the  case  of  large  drum  amuiti 
coupled  direct  to  the  crank-shaft  of  the  driving  engine,  not  1 
the  periodicity  low,  but  the  induction  is  seldom  pressed  so  hi| 
in  the  case  of  smaller  ring  machines,  and  therefore  the  loss 
cubic  centimetre  per  cycle  is  less.' 

On  the  other  hand,  the  figures  above  cited  &how  thai  the  1 
current  loss  is  usually  of  considerable  importance  ;  the 
taken  to  minimise  eddies  have  already  been  describe 
XIII.,  but  their  complete  elimination  is  altogether  excec 
and  it  is  clear  that  no  formula  can  be  of  much  value  whic 
not  specifically  take  them  into  account  when  calculating  the  rab 
heat  is  developed  in  the  armature.     If  only  tlv 
'  the  armature  icsistancc  and  the  hysteresis  loss  arc 
lula  expressing  the  rise  of  temijerature  in  terms  of 

I  can  at  best  only  apply  to  armatures  of  very  ?•-:' 

in  which  the  eddy-current  loss  may  be  treated 
Dftional  to  the  other  two  losses.     This,  however,  ia 


'  .M(ci:>Mi.irs  aic  nut  here  umlu  cr>n<iiclcraliiin,  ami  in  Ihcae  the  bpunr 
loa  iiuy  bccuiuc  impcinant  uwing  to  tht-  high  pctiixticity.     A*  A  j^eneni  n/ 
koweicr,  t)ic  armature  U  not  worVed  m  a  high  indacllon,  and  tlic  c&d 
..rt — .:    ;.  i>,eic1iy  leuened. 
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tig  the  case  if  the  width  of  the  inductor,  or  the  value  of 

induction  in  the  air-gap  or  armature,  or  the  degree  of  laniina- 

an  of  the   core,  or   the   peripheral  speed,  be   largely   altered. 

wlany  of  the  published  formulae  are  either  implicitly  or  explicitly  _ 

Applicable  only  to  some  more  or  less  standard  peripheral  speed,  I 

Tich  as  2,000  ft.  per  minute  ;  or,  again,  to  armatures  wound  with 

3und  wire  ;  and  are  therefore  entirely  unsuited  to  drum  armatures 

wound  with  large  bars  of  rectangular  section.  In  fact,  an  alteration 

lich  might  at  first  sight  seem  unimportant  in  any  one  of  the 

jnditions  alx)ve  mentioned  may  radically  affect  the  amount  of 

eddy-currents,  and  may  therefore  entirely  vitiate  any  results 

iculatcd  from  an  incomplete  formula. 

Considering,  in  detail,  the    three  sources  of  heating  in  an  ■ 

"ature,  the  first,  or  the  electrical  loss  over  the  copper  resistance  ^ 

le  winding,  is  entirely  independent  of  the  speed,  and  is  simply 

^uaJ  to  the  product  of  the  square  of  the  amiature  current  and 

lie  resistance  of  the  armature  from  brush  to  brush,  i.e.  c„'''r„  watts. 

I  the  process  of  designing  a  dynamo  the  resistance  of  the  armature 

easily  be  calculated,  and  from  it  the  loss  of  watts  due  to  the 

ssage  of  the  normal  armature  current.     It  is  only  necessary  to 

irk  that  if  the  resistance  of  an  armature  from  brush  to  brush 

actually  measured,  it  will  usually  be  found  to  be  appreciably 

ligher  than  the  resistance  as  calculated  from  the  length  and  area 

copper  used.     This  discrepancy  is  due  to  the  inferior  conduc- 

rily  of  the  soldered  joints,  even  when  carefully  made.  In  a  drum 

rniature  of  which  the  winding  is  composed,  for  example,  of  180 

irs  united  by  separate  end-connectors,  there  are  as  many  as  360 

Its,  each  of  which  has  a  slightly  increased  resistance  owing  to 

be  want  of  homogeneity  in  the  conducting  material,  and   the 

Dmbincd  effect  of  tliese  may  cause  the  actual  resistance  of  the 

ature  to  differ  from  the  calculated  by  as  much  as  25  per  cent. 

fing  to  the  low  resistance  of  a  large  armature  with  few  inductors, 

roost  convenient  method  of  measuring  its  actual  value  is  by 

ssing  through  it  a  known  current  of  considerable  strength  and 

jring  the  difference  of  ix)tentia]  between  opposite  commutator 

Mcnls,  where   the   current  leaves  and  enters.    The  quotient 

ued  by  dividing  the  measured  difference  of  potential  by  the 

current  is,  of  course,  the  resistance  of  the  armature.    I'rom 
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our  knowledge  of  this  resistance,  after  making  due  allowance 
its  increased  value  when  hot,  the  c'r,  loss  can  be  accurately  i 
tennined. 

It  is  in  the  second  or  eddy-current  loss,  that  most  dilfic 
lies.     With  a  given  core,  a  given  winding,  and  a  given  field,  this 
loss  will  be  directly  proportional  to  the  square  of  the  speed  :  since 
if  the  speed  be  increased  x  times,  the  E.M.F.  of  an  eddy  will  be 
equally  increased,  and  this  will  iiicrcase  the  current  of  the  eddy 
jf  times,  so  that  the  product  of  eddy  E.M.I'".  x   eddy  current 
wiU  be  increased  3^  times.     It  may  therefore  be  expressed  by  a 
coeflBcient  multiplied  by  the  square  of  the  speed,  the  v.iT        ' 
the  coefficient  being  different  in  different  cases.     Recent  I 
Kapp  and  Mr.  Housman  have  independently  devised  a  s  i  ; 
method  by  which  the  exact  eddy -current  loss  in  a  given  dyn.K: 
when  run  at  different  speeds,  can  be  experimentally  detcmvi  ■  1 
A  brief  description  of  this  method  will  be  found  in  Chap.  XX. 
Two  points  alone  require  to  V^  further  mentioned.     In  the  fiHl_ 
place,  the  value  of  the  eddy-current  loss,  as  thus  dctetrntoe 
includes  any  eddies  set  up  in  the  pole-pieces  of  the  magnets 
the  rotation  of  the  armature.  Such  loss  of  power  in  the]x>le-pic 
will  be  reser\'ed  for  consideration  in  a  later  part  of  the 
chapter,  and  does  not  here  concern  us.     In  continuous-cur 
machines,  having  conductors  wound  uniformly  over  a  smooth  cure 
(as  is  usual  in  the  majority  of  machines),  the  loss  in  the  i 
is  quite  inappreciable,  and  it  may  therefore  be  assuru 
such  cases  all  the  eddy-currents  which  the  above  method  nw 

are  generated  in  the  armature  itself     In  the  second  p!. 

the  experiments,  the  distribution  of  the  field  is  approv 
same  as  that  at  no  load,  and  it  has  already  been  shown,  . 

'II.,  that  this  distribution  may  be,  and  usually  is,  coin :ik  1,1; 
Uficd  at  full  load.     Hence  the  eddy-current  loss  at  full  loul 
l>c  greater  than  the  experiment  would  show,  and  w!  r    -' 
Its  of  such  tests  have  iK-en  checked  by  other  method' 
1  found  in  practice  that  this  difference  in  the  d 
i  does  sensibly  alter  the  amount  of  the  edd)  .. 
t,  how«:\er,  justified  in  assuming  that  the  method  above  allu 
'  VUie  Ele(triii«n,  vol.  K«vi.  1891,  pp.  699,  70O,  Dod  740^  and  »oL  ( 
ibZ. 
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amishes  us  with  a  ready  means  for  determining,  at  least  approxi- 
mately.the  eddy-current  loss,  and  that  wc  can  thencecalculate  under 
given  conditions  the  value  of  the  coefficient,  which,  when  multiplied 
by  the  square  of  the  number  of  revolutions  per  minute,  gives  the 
loss  in  watts.  Let  f  be  the  value  of  this  coefficient  for  a  given 
armature  with  a  particular  excitation  ;  then  the  rate  of  loss  by 
eddy-currents  in  the  armature  when  run  at  n  revolutions  per 
minute  is  equal  to  fn'  watts,  There  still  remains  the  difficulty 
that,  in  calculating  the  watts  exjiended  in  a  armature,  we  must, 
during  the  process  of  designing,  estimate  the  value  of  the  coefficient 
F  from  the  coefficients  of  machines  previously  tested.  In  so  doing, 
not  only  must  any  alteration  in  the  length  and  volume  of  the  core 
be  taken  into  account,  but,  as  previously  stated,  it  is  equally  im- 
ixjrtant  to  estimate  the  probable  effects  of  alteration  in  the  value 
of  the  induction  in  the  air-gap  or  armature,  the  degree  of  lamination 
of  the  core,  or  the  width  of  the  inductors  ;  in  especial,  the  question 
of  whether  the  inductors  are  stranded  or  twisted  in  order  to  eli- 
minate I'oucault  currents  will  materially  modify  the  value  that 
should  be  assigned  to  the  eddy-current  coefficient. 

The  third  source  of  heat  is  the  '  magnetic  '  loss  by  hysteresis, 
or  the  work  that  must  be  done  in  changing  the  direction  of  mag- 
netisation of  the  core,  as  explained  in  Chapter  XII.  For  a  given 
maximum  induction  in  the  core  it  is  simply  proportional  to  the 
number  of  complete  cycles  per  second,  and  may  therefore  be 
expressed  by  a  coefficient,  /t,  dependent  on  the  volume  and 
induction  of  the  core,  multiplied  by  the  number  of  revolutions 
per  minute.     Hence,  for  a  2-pole  dynamo,  the  loss  by  hysteresis 

is  equal  to  An  watts,  where /4  =  - ,  the  symbols  having  the  same 

meaning  as  on  p.  226. 

Combining  the  three  losses  together,  we  obtain,  as  the  total 
watts  expended  in  heating  the  armature, 


w  =  c,X+fN-'+//N  J 


the 


and  it  is  the  ratio  of  this  value  to  the  cooling  surface  of 
rotating  armature  that  determines  its  rise  of  temperature.  When 
the  total  walls  are  thus  taken  into  account,  the  authors  have 
found  the  following  formula  to   appTox"v\Tva.V.e\^  Vo\^  'j<a«a^ 
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ordinary  z-pole  continuous-current  dynamo's  with  ring,  n* 
armature  having  a  smooth  exterior  surface.     The  maximun 
tenn)erature  of  the  outside  of  the  armature  in  degree*  Fahrenheit 
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where  w  =  the  total  watts   of  the  preceding  equation,  S,  = 
cooling  surface  of  tiie  armature  in  sq.  inches,  and  v  =  the 
phcral  velocity  of  the  exterior  of  the  armature  in  feet  per  min 
The  cooling  surface,  s,,  is  reckoned  for  rings  and  drums  alike 
the  external  surface  (  =  mif)  taken  from  the  outer  edge  of 
commutator  lug  to  the  extreme  opposite  end  of  the  armature, 

the  area  of  the  two  ends  (=  2  y.^- — j.    The  value    of  the 

efficient,  as  determined  by  a  number  of  experimenti  on  both 
and  drum  armatures,  was  found  to  range  from  77  to  85, 
certainly  will  vary  somewhat  with  different  methods  of  consi 
tion  or  different  proportioning  of  the  main  dimensions  ;  still, 
authors  believe  that  the  general  form  of  the  equation  will  pi 
serviceable  in  practice,  even  if  the  exact  value  of  the  codiicii 
should  he  found  to  rcijuire  modification  to  suit  armatures  of 
ferent  make.     It  will  be  seen  that  a  very  considerable  influence 
been  assigned  to  the  peripheral  sjjeed  in  iiureasing  the  cfli 
given  cooling  surface — more,  indeed,  than  lus  usually  V 
buted  to  it     The  explanation  of  this  may  lie  in  the  fact  that 
watts  dissipated  at  high  speeds  are  apt  to  be  under-cstii 
Smce  the  eddy-current  loss  increases  as  the  square  of  the 
the  relative  importance  of  our  second  term,  rN',  increases  grcntif 
as  the  speed  is  increased  ;  if,  therefore,  experiments  be  nuuk 
Uie  difference  in  the  cooling  power  of  an  armature  at  dii 
speeds,  and  the  eddy-current  loss  be  m.' 
too  low  a  value  may  be  assigned  to  w  ai 
sequence,  to  deduce  the  observed  rise  of  temperattirc,  we  arc 
to  undcr-estimate  the  increase  in  the  cooling  jxiwer  ilv-  ••■ 
higher  speeds. 

For  a  pi^  ;ieed  of  2,000  ft  per  mi" 
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sq.  inch  of  cooling  surface  be  allowed  per  watt  expended  over 
the  armature.  In  the  above  formula  the  cooling  surface  which 
has  been  takoo  into  account  has  been  confined  almost  entirely  to 
the  outside  of  the  armature  ;  yet  in  many  dynamos  the  inside  of 
the  armature  permits  of  the  free  passage  of  air  into  and  through 
it.  Especially  is  this  the  case  with  ring  armatures,  in  which  the 
radial  depth  of  the  core  is  comparatively  shallow,  in  order  to  allow 
of  the  requisite  connecting  wires  passing  through  the  interior  ;  even 
in  the  case  of  drum  armatures  the  discs  are  frequently  supported 
on  the  arms  of  a  hub,  and  a  clear  air-space  is  thus  secured  between 
the  internal  circumference  of  the  discs  and  the  cylindrical  hub. 
Further,  open  passages  are  frequently  arranged  between  the  con- 
nectors and  the  shaft,  and  even  in  some  cases  between  the  inner 
sleeve  of  the  commutator  and  the  shaft ;  it  is  thus  possible  for  the 
air  to  pass  through  the  inside  of  the  core  from  the  one  end  of  the 
armature  to  the  other.  This  tendency  has  in  some  cases  been 
assisted  by  giving  the  supporting  arms  of  the  spider  or  hub  a 
curved  shape,  so  designed  that  they  act  as  the  blades  of  a  venti- 
lating fan,  drawing  air  in  at  the  one  end  and  expelling  it  at  the 
otlier.  Again,  in  many  cases,  at  certain  intervals  along  the  length 
of  the  armature,  distance-pieces  of  vulcanised  fibre  are  arranged 
between  neighbouring  core-discs,  so  as  to  keep  them  entirely 
apart  ;  free  passages  are  thus  obtained  from  the  inner  air-chamber 
to  the  outside  through  openings  on  the  surface  of  the  core  between 
groups  of  inductors,  so  that  the  air  may  be  drawn  out  by  centri- 
fugal force.  Owing,  however,  to  the  confined  nature  of  such 
internal  apertures  and  passages,  and  the  low  peripheral  velocity  of 
ordinary  armatures  running  at  moderate  speeds,  the  draught  of 
air  which  is  thus  set  up  through  the  interior  openings  is  but 
small,  and  it  is  doubtful  whether  much  advantage  is  obtained  by 
the  supposed  internal  ventilation.  If  the  inside  of  an  armature 
be  accessible  to  a  tliermomcter,  and  its  temperature  at  the  end 
of  a  long  run  be  measured,  it  will  usually  be  found  to  be  from 
5-10"  F.  higher  than  that  of  the  exterior.  In  fact,  the  temperature 
of  the  core  rises  above  that  of  the  inductors  by  just  so  much  as 
to  cause  the  heat  which  is  generated  within  it  to  be  conducted  to 
both  the  internal  and  external  surfaces,  and  to  be  there  dissijwted. 
In  drums  the  internal  temperature  of  ihe  cote  cai\  stV^QV^Vt'SiO 
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certainly  ascertained  ;    no  great  difference  of  temperature  can, 
however,  be  required  to  cause  the  heat  to  pass  through  the  insu- 
lation to  the  external  surfaces,  even  when  the  core-discs  arc  kc>cd 
directly  on  to  the  shaft,  while,  further,  a  somewhat  higher  teinjKrra- 
ture  of  the  inside  does  not  endanger  either  the  working  or  the 
durability  of  the  drum  machine.     Still,  any  internal  cooling  sur- 
face must  remain  of  some  value,  and  hence  the  formula  aboTC 
stated  can  only  be  held  to  apply  to  cases  in  which  its  effect  is 
small  as  compared  with  the  cooling  power  of  the  exterior, 
this  account  multipolar  armatures  of  large  diameter,  whether  rin 
or  drum-wound,  stand  on  a  different  fooling  :  in  these  the  radST 
depth   of    the   core   t>ears  a   much   smaller   proportion    to   the 
diameter  than  in  bipolar  machines,  and  not  only  is  the  |)eriphenil 
speed  of  the  outside  comparatively  high,  but  the  linear  sj'C    '    ' 
the   interior   is   also   proportionately   great  ;  hence   the   ■  i- 
power  of  the  internal  surface  approximates  much  more  closely  U' 
that  of  the  outside.     Further,  in  the  case  of  drum-wound  arin^ 
tures  for  more  than  four  poles,  the  end-connections  liecomc  coffl 
paratively  shallow,  and  may  be  supported  at  some  dis'  '4 

the  shaft  ;  a  free  circulation  of  the  air  is  thus  obtain<  ^M 

the  inside,  which  renders  its  cooling  effect  comparable  with  that  fl 
the  outside.  Hence,  the  output  of  such  armatures  is  more  oftifl 
limited  l)y  the  reaction  of  their  ampere-turns  on  the  field  than  H 
the  heating  of  the  winding.  ' 

Finally,  it  is  worth  remarking  that  a  cool  machine  is  byittl 
means  necessarily  efficient ;  although  in  most  cases>  these  t^| 
desirable  qualities  are  attained  by  the  same  means,  still  it  shoil^| 
be  remembered  that,  while  the  efficiency  is  dependent  oo^H 
ratio  of  the  lost  watts  to  the  useful  output,  the  rise  of  temp|^^^| 
is  determined  by  the  ratio  which  the  lost  watts  liear  to  the  cHI^I 
power  of  the  surfaces.  ^| 

It  remains  to  consider  the  question  of  eddv"  i  iH 

pole- pieces  :  their  existence  is  due  to  sudden    i  _iiB 

distribution  of  the  field  over  the  bored  (ace  of  the  {)0l^H^| 
caused  by  rotation  of  the  armature.     If  the  core  of  the  u^^^| 
have  a  smooth  surface,  and  be  uniformly  wound  wiili  uw^^^H 
K>  I  the  intcrfemc  gap  is  >  lUijji^^^H 

Wt-.  atin.'iiUTc  cuiniiwv  v%  -.  nii^^^^l 
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bns  are  those  which  are  produced  when  a  section  of  the 
winding  is  short-circuited  by  the  brushes  (p.  378).  Hence  in  such 
cases  the  eddy -currents  set  up  in  the  pole-pieces  are  so  slight  as  to 
be  negligible.  But  if  the  armature  core  have  Pacinotti  teeth  or 
iron  projections,  and  these  be  few  in  number  and  of  large  size,  as 
in  the  Brush  machine  (p,  441),  the  eddy-currents  in  the  pole-pieces 
may  be  very  considerable  ;  in  fact,  the  temperature  of  the  latter 
may  Ije  raised  so  much  in  continuous  working  that  they  become 
unbearably  hot  to  the  hand.  The  manner  in  which  these  preju- 
dicial currents  are  created  will  be  seen  from  fig.  156,  (i)  and 
(ii),  which  shows  jart  of  a  discoidal-ring  armature  in  plan  as 
viewed   from  above.     AV'hile  there  is  a  dense  flow  of  lines  be- 
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Fic.  i}6.— DUcutdal-ring  uuialurc  wiib  Pacinolli  teeth. 

twcen  the  i)ole-picces  and  the  tops  of  the  teeth,  very  few  pass 
between  the  pole-pieces  and  the  recesses,  owing  to  the  reluctance 
of  the  air-gap  being  considerably  greater  in  the  latter  case  than  in 
the  former.  Fig,  (i)  shows  the  armature  in  one  position,  fig.  (ii) 
being  a  second  position  after  it  has  moved  forward  a  little.  Now 
aa  the  armature  moves  forward,  the  dense  portion  of  the  field 
moves  with  it  ;  and  it  results  that  those  portions  of  the  pole-pieces 
which  at  one  moment  have  but  few  lines  passing  through  them 
immediaiely  afterwards  are  traversed  by  a  large  number,  or  t<i(e 
versti.  The  number  of  lines  passing  through  any  small  portion  of 
the  |>olar  surface  is  in  this  manner  continually  changing  as  the 
aitiiaturc  rotates,  and  such  change  must  neccs.sarily  induce 
E.M.F.'5,  and  consequently  currents  irv  lh<i  woxv   roas.^  cA  >Jwt  I 
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pole-pieces.    Such  currents  do  not  spread  to  any  great  depth  inS 
the  pole-piece,  but  whirl  round  in  the  metal  near  the  surface  H^cirfl 
the  armature  :    they  run  upwards  or  downwards  opix>stte  each 
projecting  tooth,  and,  dividing,  curve   round  to  complete  (he|^ 
circuit  opposite  the  recesses  between  the  teeth.    This  distributicH 
continually  moves  forwards  as  the  teeth  themselves  advance,     n 
the  machine  be  running  fully  loaded,  we  have  seen   that  ihc  re- 
action of  the  armature  current  crowds  the  lines  into  the  trailifll 
corners  of  the  poles  ;  hence  it  is  reasonable  to  conclude  that  tifl 
eddy-currents  and  the  heating  will  be  more  intense  in  the  trailiifl 
corners  than  in  the  leading  corners,  and  in  practice  this  effect  fl 
distinctly  marked.  B 

The  remedy  for  such  eddy-currents  lies  in  making  the  distance 
between  the  tops  of  the  teeth  and  the  polar  face  bear  a  consider- 
able proportion  to  the  width  of  the  recesses  between  the  teeth. . 
Under  these  circumstances,  as  the  armature  rotates,  the  lin^| 
instead  of  following  the  advance  of  the  teeth,  snap  across  fn^| 
one  tooth  to  the  next,  and  this  slight  divergence  of  the  aiagne^| 
tufts  produces  but  little  alteration  in  the  distribution  of  the  linfl 
over  the  face  of  the  pole-pieces.  Since,  however,  it  is  required  ifl 
keep  the  teeth  close  to  the  poles,  it  follows  that  it  is  necessary  to 
reduce  the  width  of  the  recesses  until  they  become  nam^| 
grooves ;  hence  in  continuous-current  ring  or  drum  armatuifl 
with  toothed  core-discs  (p.  251)  the  number  of  the  teeth  alfl 
grooves  is  usually  large,  and  their  width  correspondingly  snu^| 
In.  practice,  it  is  found  that  if  the  width  of  the  grooves  be  i^| 
more  than  about  2. J  times  the  clearance  between  the  po!e-|MdH 
and  the  teeth,  sufficient  steadiness  of  the  field  is  obtaiiMsd  ^ 
avoid  any  serious  eddy-currents  m  the  poles.'  "" 

Owing  to  the  inferior  electrical  conductivity  of  cast  trao  |H 
compared  with  wrought  iron,  it  is  advantageous  to  use  cast-n^| 
pole-pieces  in  connection  with  toothed  armatures,  since,  ^^^1 
same  E.M.F.,  the  magnitude  of  any  eddy-current  will  l>e'^^^| 
less  in  cast  iron  than  in  wrought  iron.  ^| 

■  ViiU  Etsun  ia  EUctfkal  Kcvirw,  November  14,  1885,  aoi]  Dccemlift  ^| 
1891,  p.  693.  ^1 


CHAPTER    XIX 

DESCRIPTIONS   OF   TYPICAL    DYNAMOS 


So  many  and  so  varied  are  the  dynamos  now  manufactured  in  this 
and  other  countries  that  space  does  not  permit  us  to  descrilje  all 
of  even  the  leading  types  of  machines.  Hence  no  attempt  will 
here  be  made  to  exhaustively  classify  and  describe  the  diverse 
makes  of  dynamos  ;  and  it  is  only  proposed  to  examine  a  few 
typical  designs,  sufficient  to  illustrate  the  principles  of  foregoing 
chapters. 

I.   Closed-coil  continuous-current  niachiiies.     (A)  Bipolar. 

(i)  The  ring  dynamo  manufactured  by  Messrs.  Johnson  and 
Phillips  affords  a  good  illustration  of  the  2 -pole  overtype 
machine  with  ring-wound  armature  such  as  has  been  already 
shown  in  fig.  2.  It  is  constructed  for  outputs  ranging  from  3  to 
12  kilowatts  for  belt-driving  at  speeds  of  from  1,300  to  1,000 
revolutions  per  minute.  Fig.  157  shows  a  jjerspective  view  of  a 
5-kilowatt  machine  giving  130  volts  and  38  amperes  when  run  at 
i,20o  revolutions  per  minute.  The  armature  core  is  built  up  of  a 
numl)er  of  annealed  charcoal-iron  discs  "025"  thick  ;  on  the  inner 
periphery  of  these  are  stam])ed  three  keyways  by  which  they  are 
threaded  over  the  three  arms  of  a  gun-metal  hub,  after  the  manner 
shown  in  fig.  1 1 3.  The  hub  is  secured  to  the  shaft  of  mild  steel 
by  a  long  sunk  feather.  In  order  to  check  eddy  currents  in  the 
core,  an  insulating  ring  of  thin  paper  is  inserted  between  each  pair 
of  discs,  the  net  volume  of  iron  being  thus  about  87  jter  cent, 
of  the  gross  volume  of  the  core.  The  discs  are  tightened  by  a 
gun-metal  three-fingered  star  driven  up  by  a  nut  screwing  on  the 
shaft  ;  a  set  screw  passing  through  the  nut  into  the  shaft  finally 
locks  the  whole,  and  prevents  any  slacking,  hack.  t.Vvtov\^N\Vi\*.Vv'a\j 
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or  jarring.    The  external  and  internal  diameters  of  thcdisaj 
8}"  and  sj"  respectively — giving  a  radial  depth  of  iron  of 
or  "1820 — while  the  length  of  the  core  is  lo^".     The  surfcicci 
the  core  is  smooth,  and  is  insulated  with  varnished  paper 
tape,  additional  protection  being  afforded  to  the  internal  conn 
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two  layers  on  the  inside,  an  air-space  remaining  between  the 
iniemal  wires  and  the  gun-metal  hub  for  ventilation.  The  begin- 
ning and  the  end  of  each  pair  of  contiguous  sections  are  connected 
to  the  lugs  of  a  72-part  commutator  :  these  lugs  are  made  of  thin 
copper  strip,  one  end  being  soldered  into  a  saw-cut  in  the  commu- 
tator segment,  while  the  other  is  bent  round  and  soldered  to  the 
two  armature  wires.  The  commutator  segments  are  of  hard-drawn 
copper,  insulated  with  mica,  and  held  together,  as  shown  in  fig- 
120,  by  a  gun-metal  sleeve  and  collars,  with  insulating  rings  of 
ebonite.  The  length  of  the  commutator  is  sufficient  to  lake  two 
brushes,  each  1"  wide,  side  by  side,  and  to  allow  of  a  slight  lateral 
movement  of  the  pair  of  brush-holders  along  the  gun-metal  brush 
spindle  in  order  to  distribute  the  wear  evenly  over  the  surface  of 
the  commutator.  There  are  thus  four  brushes  in  all,  two  on  each 
.arm  of  the  rocking-bar,  as  shown  in  fig.  149.  Each  brush  is  of 
copper  gauze  \  "  thick,  and  its  holder  is  provided  with  a  pressure- 
spring,  3  hold-off  catch,  and  a  pointer  ;  the  latter  indicates  the 
correct  length  to  which  the  brush  must  be  pushed  through  the 
brush-holder,  as  wear  takes  place,  so  as  to  maintain  the  proper 
width  of  contact  at  the  brush-tip. 

The  magnet  of  this  machine  is  composed  of  two  slabs  of 
annealed  wrought  iron,  each  10"  wide  x  4^}"  thick,  held  to  the 
cast-iron  yoke  in  the  bedplate  by  two  wrought-iron  bolts  passing 
thraagh  from  one  side  to  the  other  (see  fig.  2).  The  magnet  limbs 
arc  let  into  recesses  in  the  bedplate  in  order  to  obtain  sufficient 
area  of  joint  through  which  the  lines  of  induction  may  [xiss  into 
the  cast  iron,  and  both  limbs  and  recesses  are  machined  to  ensure 
an  accurate  fit.  In  order  to  increase  the  polararea  without  unduly 
lessening  the  section  across  the  neck  of  the  pole-piece,  strips  of 
cast  iron  arc  screwed  to  the  tips  of  the  wrought-iron  poles,  so  as 
to  form  polar  extensions  both  above  and  below  the  armature 
(cp.  fig,  135).  These  projecting  'horns'  approach  each  other 
more  closely  at  the  top  than  at  the  bottom,  so  as  to  equalise  the 
fit''  .md  below  a  horizontal  diameter,  and  prevent  a  down- 

W!ii  _      lie  pull  on  the  armature  (p.  283). 

The  cast-iron  yoke  has  an  area  about  75  per  cent,  in  excess  of 
the  area  of  the  wrought-iron  limb,  and  together  with  the  bedplate 
and   Insaring  standards   forms    one  casting.      Thv;   betw'wv^^  ;i.\<i 
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Fig.  is8> — Manche«ter  dynamo  of  ^(esIrv  MallieraniJ  PUtt. 


(end  ;  at  the  other  a  Israss  end-plate  is  driven  up  s<i  ;i.  to 
Bs  the  discs,  and  is  held  in  position  by  a  n\i\.  tvu^  \oO«w-tosx. 
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There  is  thus  a  free  internal  space  lietween  the  shaft  and  the  dis 
through  which  pass  the  inner  wires  of  the  Gramme  or  ring  windifl 
The  commutator  segments  are  of  hard-drawn  co[i{.)cr  insulated  ' 
mica.     The  annature  shaft  is  of  Bessemer  steel,  and  the  liearia 
of  gunmelal,  supported  on  extensions  from  the  lower  pole-pie 
which  forms  the  base-plate.     Thus  the  axis  of  rotation  is  kept  I 
giving  great  steadiness  of  running  at  high  speeds,  while  the  wh 
is  compact  and  occupies  but  little  floor-space.     On  the  top  oft 
upper  pole-piece  is  mounted  a  tenninal  l;<^rd  of  polished  wo 
The   machine   illustrated   has  an   output   of   loo  volts  and 
amp&res  at  a  speed  of  1,050  revolutions  per  minute,  and  is 
pound-wound  for  incandescent  lighting,  with  the  series  roils  out: 
the  shunt.     It  is  also  series-wound  for  lighting  arc  lamps  in  i 
in  which  case  the  output  is  600  volts,  and  1 5  to  20  amperes,  1 
speed  of  1,100  revolutions.     The  standard  pulley  for  bclt-driTll 
is  12"  in  diameter  with  8"  width  of  Cicc,  and  the  over-all  din 
sions  of  the  complete  machine  are  3'  8"  length  from  outer 
of  pulley  to  end  of  commutator  bearing,  2'  8"  width  over 
outside  of  the  field-coils,  and  1'  6"  height  to  top  of  pole- pic 
The  weight  of  the  machine   complete  is  i2\  cwt.,  and   of 
armature  alone  2^  cwt.     Full  particulars  of  the  dimensions 
winding   of  this  dynamo   for   incandescent   lighting   luve 
published  by  the  Drs.  Hopkin.son  in  '  Phil.  Trans.'  Part  I.  xl 
from  which  paper  the  following  details  are  uken  : — 

External  (Hameter  of  core  .  .  ,  ,  n\" 
Diameter  of  inlernnl  opening  through  core  .  5|" 
Length  of  core  over  endplale-,  jl" 

Thus  the  radial  depth  of  the  core  discs  is  2  ',  or  '21  o. 
gross  sectional  area  of  the  two  sides  of  the  ring  is  38  sq. 
and  the  net  area  of  iron,  after  deduction  for  the  paper  insuli 
between   the  discs,  38  x  ■9=34-2  sq.  tn.,  or  aao- 
winding  consists  of   160  turn.^  of  wire,  '134"  di  Vc.' 

B.W.ti.),  forming  a  single  layer  on  the  outside,  arid  i, 
forty  sections  of  four  turns  each.,     The  rL-jistamc  of  1   , 
is  -047  ohm. 

'  Kcprlnted  in  Original  I'afvt  9h  Oytamo  Matkttury,  [^,  79-131,  j 
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Length  of  magnct-corcs  between  pole-pieces 
Here  of  pole-piece  .... 

Width  of  gap  between  the  poles 
Angle  subtended  by  the  pole-pieces 
Dioinctet  of  magnet -core 


10}" 

loi- 

'39° 
6" 


whence  the  area  of  the  two  cores  is  365  sq. 

smallest  area  of  the  cast-iron  pole-pieces  is  955  sq.  cm.,  or  more 

than  twice  as  great. 

On  each  magnet-core  there  are  2,196  turns  of  copper  wire 
058''  diameter  (No.  17  D.W.G.),  and  these  two  shunt  coils  are 
connected  in  series,  their  total  resistance  being  26-85  ohms. 
There  are  thus  approximately  8,  aoo  ampfere-tums  furnished  by  the 
shunt  on  each  of  the  two  inagnetic  circuit.s.  The  resistance  of  the 
scries  coils  is  'oj.js  ohm,  giving,  when  warm,  a  loss  of  about  3*5 
volts  at  full  load.  The  loss  of  volts  over  the  armature,  when 
warm,  being  6-9,  the  total  number  of  lines  required  at  full  load  is 

_iio-4  x6ox  10" 
160x1,050 

Bj=  J  7,900,  and  the  average  value  of  the  induction  over  thd 
■  the  air-gap.  after  allowing  for  a  fringe  beyond  the  bored 
polar  face  of  a  width='8/^,  is  nj=5,ooo.  Assuming  that  in  the 
magnet-core  z,.=  I  ■49Z,,' =5,890,000,  ii„=  16,100.  The  total  am- 
I)^re-tums  required  at  full  load  are  approximately  11,000  on  each 
magnet -core. 

The  following  table  gives  the  results  of  efficiency  tests  made 
witli  tJii.s  machine,  approximately  at  full  and  at  one-third  la-id  :  — 


=3,950,000. 


Output 

Po%rar 

Percentage  lost  in 

Effici- 
ency 

Ixad 

of 
brusbet 

Rcvk. 

Volts. 

Ampt. 

Kupplied 
ill  w»iu 

Amuture 

s»»»«  ^ir 

Other 
lows 

1    «/>»« 

IBS'I 

103 '8 

43-.8 

i<.e«4 

5.JM 

S-B 

a'o 

75      1      «o 

19 
5S 

B7-« 
84 

.p. 

In  larger  sizes  an  efficiency  of  93  per  cent  is  obtained. 

(3)  The  Edison-Hopkinson  dynamo  is  also  manufactured  by 
Messrs.  Mather  and  Piatt,  and  with  its  drum-wound  armature  and 

■  See  p.  311. 
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undertype  single  horseshoe  field  is  one  of  the  bcstkno 
machines.  At  once  scientifically  designed  and  simply  but 
constructed,  many  of  its  features  have  been  extf 
especially  in  England,  where  the  majority  of  lai. 
current  d)-namos  have  been  modelled  after  its  pattern.  Taiung  i 
their  starting-pwint  the  original  Edison  machine,  Drs.  J.  and 
Hopkinson  so  improved  its  design  (especially  by  perfecting 
magnetic  circuit),  and  so  simplified  its  construction,  that  its  ne* 
form  became  at  once  greatl)'  more  efficient,  less  bulky,  and  lea 
costly  to  manufacture.  The  general  design  of  the  undert)-j 
2-pole  field  (cp.  fig.  123)  has  been  already  discussed  (p.  266). 
the  special  form  adopted  in  the  Edison-Hopkinson  machine 
illustrated  by  fig.  159.  The  whole  of  the  magnetic  circuit  is  com- 
posed of  wrought-iron  forgings  of  annealed  lummercd  sc 
Pole-piece  and  magnet-core  are  in  one  piece,  and  the  two  liu 
thus  formed  are  joined  together  by  a  massive  rectangular 
screwed  on  at  the  top.  In  the  machine  illustrated  the 
cores  are  turned  to  a  cylindrical  shajie,  but  in  many  cases 
rectangular  section  is  maintained  throughout  tlie  limb,  the  come 
being  slightly  rounded  to  facilitate  the  winding  of  the  inagnetismg 
coils.  A  footstep  of  iinc  raises  the  pole-pieces  of  the  magnet  to 
a  considerable  height  above  the  cast-iron  bedplate,  on  which  ire 
bolted  the  two  low  cast-iron  plummer-blocks  carrying  theannaturt 
shaft.  In  fig.  159  two  slide-rails  are  further  shown,  on  ■  '  '  '^Mj 
dynamo  can  be  slid  backwards  or  forwards  by  means  m  ^ 

screws  so  as  to  keep  the  drivm^-belt  ut  its  due  tensiotx.  ^ 

The  armature  core  is  built  up  of  a  number  of  soft  wrought-iH 

I  discs,  insulated  one  from  another  by  thin  sheets  of  |ja{icr.  -A  p^H 
circular  hole  through  their  centre  enables  them  tu  be  |ku«a^^^| 
tlie  shaft,  which  is  of  Bessemer  steel,  and  they  arc  then  com^^^H 
between  two  stouter  end-iilate.s  one  of  which  is  secured  by  ^^^| 
shrunk  on  to  the  shaft,  while  the  other  is  dri\-cn  up  light  t>|n^H 
and  lock-nut  screwed  on  the  shaft  (cp.  fig.  115).  Since  the  cofl 
discs  are  thicaded   directly  on   the  sli  ifl 

I   ventilation   of  the   core.     In  the  first  <^ 

insulated  from  the  shaft,  the  central  hole  being  larger  in  diaio^| 
than  the  turned  shaft ;  but  e)q)erier        '    .t  if  the  discsH 

1  an  arinalure  of  tlus  \s\k.  aie  vicU  ..  cub  u(ha^| 


FlCt  130.— 'Ilie  EldUoD-Hopkiiuoii  dynamo. 

|of  small  outputs  the  armature  is  drum-wound  with  loops  of 
«tnd  wire,  the  convolutions  at  the  ends  of  the  core  being  wrapped 
Mind  the  shaft.     Bui  for  large  outputs  the  aivwaXMctt  \w^wcVi\% 


>  K.  ir»     H<:iftkiiKan  rad-conncclor  for  drum  annatnrc. 

along  the  copper  segment  and  out  through  tlie  other  . 
into  a  long  bar.    At  the  one  end  of  the  armature  the  i  ■  j 
shaped  pieces  are  continued  outwards  to  join  the  commot) 
segments  ;  thus  the  ends  of  a  loop  situated  in  a  vertical  plane! 
ted  to  segnjenu  lying  in  a  horizontal  plane.   In  conse<)uenri: 
Bne  of  commutation  in  a  vertical   2-j)olc  dynamo  t. 
Kimaiely   horizontal,   and   the  position   of  the   hn: 

convenient  for  observation  and  attention, 
cotnpleie  account  of  an   Edison  Hopkinson  miuiunc  *  :i 
i-wouiid  armature  for  an  output  of  105  \'olts  330  amperes  wh<rn 
750  revolutions  per  minute  is  c 
J  pa|>er  of  the  Drs.  Hopkinson.  Tl 
LM  follows  :- 
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Diameter  of  core 
Diameter  of  internal  hole  . 
Leiigth  of  core  over  end-plate& 
Diameter  of  shaft 


94" 
3" 
20" 
2}" 


M" 


The  armature  is  wound  with  forty  loops  (t=8o)  of  a  stranded 
conductor  containing  sixteen  wires,  -069"  diam. :  the  loops  are 
wound  in  two  layers  and  are  connected  to  a  4opart  commutator. 

Width  of  magnet-core  parallel  to  shaft  1 7 J" 

Thickness  of  magnet-core  .  8J" 
Length  of  magnet -core                        .18" 

Width  of  pole-piece  parallel  to  shaft    .  19" 

Boreof6eId loJJ",  whence /,« 

Height  of  zinc  t>a>ie     ....  5"  =85 /, 

Width  of  gap  bel  ween  pole-pieces        .  5"  =8J /, 

I'lilar  .irc 129' 

The  field  is  shunt-wound  ;  each  coil  consists  of  eleven  layers  of 
wire,  "095"  diam.,  wound  directly  on  the  limbs,  the  two  together 
giving  3,260  turns  with  a  resistance  of  1693  ohms  at  a  temper- 
ature of  57°  I'*.  Thus  the  normal  magnetising  current  when  the 
shunt  is  warm  is  about  6  amperes,  giving  19,500  ampfere-turns. 

The  resistance  of  the  armature  also  at  57°  F.  is  '009947,  or, 
say,  ■0115  0^"^   when    hot.      Thus   the  loss   of  volts  over  the 
armature  is  0115  x326  =  3-75  :  — 
whence  »-..=  io5-f  375=io8-75, 


and 


/  .r'li  1     A\     «o8'7s  x6ox 
2„  (at  full  load)  =        '-' 


=  10,875,000. 


80x750 

Allowing  6-5  per  cent,  of  the  length  of  the  armature  core  for  the 
thickness  of  the  insulation  between  the  discs,  and,  on  the  other 
hand,  making  a  slight  allowance  for  induction  through  the  shaft, 
the  effective  area  of  iron  in  the  armature  may  be  taken  as  Sto 
sq.  cm. ;  whence  8^=  13,500.  The  effective  area  of  the  air-gap  is 
1,600  sq.  cm.  ;  whence  u„=6,Soo,  a  figure  showing  the  great 
intensity  of  the  field.  Assuming  z,„=i-32  ?.,,  (p.  312),  the  induc- 
tion in  the  magnet-cores  is  n„=  14,700. 

The   weight  of   the  dynamo  complete  is  51^  cwt.,  and  of 

armature  alone  5^  cwt.      With  standard  pulley,  20"  diameter 

X  1 2"  wide,  the  over-all  dimensions  are  6'  i"  length,  2'  \i\''  width 

over  bedplate,  4'  i"  total  height.     With  liat  arrfta.\.\Kfe  \;cvvi  %;scscv.«. 


.'acECv.«.    ^1 
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raachinc  is  constructed  to  give  105  volts  350  nmiierf,  at  tlie  lower 
speed  of  650  revolutions  jjer  minute. 

The  commercial  efficiency  which  is  attained  in  tCLie  mac  nines 
is  remarkable,  and  is  guaranteed  to  be  from  90  to  94  per  cent  ; 
in  tests  of  a  machine  similar  to  that  described  above,  and  intended 
for  a  normal  output  of  110  volts  320  amperes  at  780  revolutions, 
the  following  results  were  obtained  : — 


Output 

Poirer 

PcKcoiag*  Ion  in 

tj 

Ran. 

suppUed  ia 

E«cj«ic»y 

Volu. 

watu 

42,917 
42,326 

Amuuurc 
317 

Shunt 

Other  Io«a 

1! 

764 

110-13 

36336 

1^ 

1-94 

93'J   ^ 

798 

IIO-6 

3S6-24 

311 

17 

2-09 

'>vr     1 

!" 

125-8 

15656 

21,000 
11,884 

«-23S 

4-26 

4S3S 

801 

127 -a 

7915 

•63 

8-04 

6-73 

810 

ia9-i 

2885 

S.425 

•34 

181 

"73 

i^^aa 

An    Edison-Hopkinson   machine  with   bar  am^ 
output  of  no  volts  475  anipl-res  at  430  revolution-    ,  it 

directly  coupled  to  a  iiigh-speed  Willans  engine,  gave  the  folh 
results  when  tested  for  efficiency  : — 

Resistance  of  ^unl,  15-6  uhms.  Loss  over  shunt,  756  watts  »  I -4  9£  ofcuil^.- 
„  annature,  ■oosSohm.   ,,  armature,  1,386  watti^^a  3-6 

Over-all  efficiency  of  combination  -. 


E.H.P.  at  tcrmioaU     o,.,  

_»g3-3  per  cen:. 


I.  H,P.  of  engine 
Three  large  machines  of  this  type  have  l)e<;n  built  by  M( 
Mather  and  Piatt  for  the  generating  station  of  the  City  and 
London  Electric  Railway  :  each  has  an  output  of  450  amperes  : 
500  volts,  or  215  kilowatts,  when  running  at  500  revolutions 
minute.     In  these  the  pole-pieces  are  of  cast  iron,  and  the  weigh 
Bf  the  complete  magnet  is  1 1  tons.     The  armature  weighs 
^3  tons,  and  is  carried  by  three  bearings,  a  separate  bearing 
provided  outside  the  pulley  to  take  [art  of  the  strain  of  the  bclr 
and  give  additional  security.    The  whole  ninchinc  with  it*  bcdpk 
weighs  1 7  tons. 

(4)  In  fig.  161  is  shown  an  overtype  drum  d)Tiamo  for  belt- 
tdriving,  constructed  by  Mcsxr*.  W.  II.  Allen  and  Cu.     Wulc  the. 
t'icld-magnet  is  of  the  construction  shown  in  fig.  a,  the  ar 
is   in   this  case  drum- wound,  and  is  bui!: 
Uiincr.    On  the  shaft,  viVivth  \a  o(  ^^v 
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fumed  a  collar  near  the  pulley  end,  and  a  strong  cast-iron  end- 
plate,  bored  to  fit  the  shaft,  is  passed  along  until  it  abuts  against 
this  collar.  A  cylindrical  cast-iron  hub,  which  itself  adds  con- 
siderable rigidity  to  the  shaft,  is  then  keyed  on  ;  from  the  hub 
there  project  three  arms  which  extend  along  the  entire  length  of 
the  core,  and  are  accurately  machined  to  fit  three  key  ways  stamped 
on  the  inner  peripher>'  of  the  discs.  These  are  of  annealed 
charcoal-iron,  '025"  thick,  and  in  order  to  insulate  their  flat  sur- 


Belt-driven  drum  dynamo  of  Muon.  W.  H.  .\llen  and  Co. 


&ces  from  one  another  they  are  passed  through  rollers  revolving 
in  a  bath  of  flexible  varnish  :  they  thus  become  coated  on  both 
sides  with  a  firmly  adhesive  layer  of  insulating  varnish.  After 
drying,  the  discs  are  threaded  over  the  arms  of  the  hub,  a  second 
cast-iron  end-plate  is  put  on,  and  the  whole  is  tightened  up  by  a 
nut  screwing  on  the  shaft,  and  locked  by  a  set  screw.  The  length 
of  the  completed  arnuture  core  ii  slightly  greater  than  the  length  of 
lUel  to  the  stutfu  and  the  aoVvd  ctvd-^^VaXCsXy-vcvii.^'v. 
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smaller  diameter  than  the  core-discs,  arc  kept  well  out  of 

magnetic  field. 

In  the  machine  illustrated  the  end-connections  of  the  dnij 

winding  are  effected  by  connectors  invented  by  Mr.  ('lisljcn  Kiipo 

Each  connector  is  a  stamping  of  sheet  copper,  semicircular 

shape    for    a   3-|m 
dynamo,  with  a  ta 
at    eJiher    end    <( 
162).     The  tags 
bent  up  into  a  pla 
at  right  an  •' 
body  of  1! 
tor,"  but    in  oi>|j 
directions,  so  iJial  I 
unc    stands    out 
llie   one   side  of! 
connector     and 
other  on  the  opp 
side.    The  cotmcct( 
encircles  the  shaft  I 
a     plane     at 
anji^les  to  its  axis, : 
nearly  parallel  to  tl| 
"" "  pbne    of   the 

Fig.  i6».  -Kapp  en<J<x>nnector  for  drum  uauiiirt^  rliscs  •  1  twi&l  is..  1 

ever,  imparted  to   the  connector  by  which    it    |ia3Scs   hclii 

round   the  shaft,  and   its   inner  Lag  is  brought   into  a  pohilii 

suitable  for  soldering  to  the  end  of  a  short  armature  bar, 

while  its  outer  t;ig  is  joined  to  a  long  bar,  u',  n      ' 

cally   opposite   (fig.   162).     The  connectors  arc    > 

each  other  by  varnished   taj)e,  and  are  built  up  entuciy 

rately  from  the  core  on  two  cast-iron  flanged  rings  ;  the 

of  these  are  insulated  with  fibre  and  ia|>e,  and  the  con 

for  one  end  arcdiiven  in  tightly  between  the  il 

of  binding-wire  being  subsecjuently  wound  o\  i 

prevent  their  working  loose  and  flying  out  by  ccntrUuga 


'  I'ttlent.  No.  ^^to,  tSSS. 


DESCRIPTIONS  OF  TYPICAL  DYNAMOS 


each  end-plate  of  the  core  a  shoulder  is  turned,  and  on  this 
fits  llie  ring  containing  the  connectors  for  one  end  of  the  armature. 
Thus  the  inner  and  outer  tags  of  the  connectors  at  either  end  form 
two  complete  circular  rows  separated  by  the  width  of  the  mass  of 
connectors  parallel  to  the  shaft  ;  the  bars,  alternately  long  and 
short,  are  then  laid  on  the  surface  of  the  core,  and  the  tags  are 
soldered  into  saw-cuts  at  their  ends.  At  the  commutator  end 
the  long  bars  are  extended  to  receive  the  lugs,  /,  connecting  them 
to  the  segments  of  the  commutator  (fig.  162). 

The  following  are  the  leading  dimensions  of  a  belt-driven 
machine  built  by  Messrs.  W'.  H.  Allen  and  Co.  for  an  output 
of  65  volts  and  1 70  amperes  when  running  at  700  revolutions 
per  minute.  Armature  core  10^"  diameter  x  10"  long,  with  a 
radial  depth  to  the  discs  of  2^  ";  wound  with  144  inductors,  each 
composed  of  three  strips  '200"  high  x  '054"  thick.  The  centre 
strip  is  lightly  insulated  with  silk  wound  spirally  round  it,  the  side 
strips  being  shellacked  :  the  laminated  bar  thus  formed  is  twisted 
at  Us  centre  so  as  to  eliminate  eddy-currents  (p.  247).  The  con- 
nectors havi:  a  width  of  ij"and  are  '040"  thick;  it  will  thus 
be  seen  that  the  sectional  area  of  the  inactive  connector  is  over  i^ 
times  the  area  of  the  active  inductor.  The  commutator  has  71 
segments  built  up  as  in  fig.  120,  and  the  resistance  of  the  armature 
is  '0202  ohm.  The  magnet  limbs  have  a  cross-sectional  area  9^" 
X  si'',  and  the  length  of  winding  on  each  former  is  9  j".  The  field 
is  compound-wound,  fifteen  layers  of  '069"  shunt  wire  and  one 
layer  of  "310  "  x  "200"  rectangular '  main '  wire  being  wound  on  each 
former.  The  two  shunt-coils  are  connected  in  series,  while  the 
two  '  main  '  coils  are  in  parallel.  The  rise  of  temperature  in  con- 
tinuous working  does  not  exceed  55°  F.  in  any  part  of  the  machine. 
\Vhen  provided  with  a  fast  and  a  loose  pulley,  a  third  bearing, 
carried  on  an  extension  of  the  bedplate,  is  placed  outside  the 
pulleys  ;  two  brackets  fitted  to  the  Iwse-plate  carry  a  screwed 
spindle,  on  which  are  mounted  two  travelling  arms  forming  a  belt 
fork.  On  rotating  the  spindle  by  a  hand-wheel,  the  belt  is  shifted 
by  the  anns  from  the  fast  to  the  loose  pulley,  or  vice  versA,  The 
weight  of  the  machine  complete,  with  fast  and  loose  pulley,  third 
standard,  and  belt-shifting  gear,  is  ig  cwt. 

Fig.  163  ihows  ail  engine-driven  dynamo  Kva.u\i^M:\.\^\c^\2>^  ^<s. 
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same  firm.    The  shaft  of  the  armature  has  a  sohd  cou| 
on  it,  and  is  coupled  directly  through  the  fly  wheel  to  the 
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the  one  screwed  to  the  pole-piece  by  manganese-bronze  screws, 
and  the  other  bolted  to  the  cast-iron  base-plate.     The  arrange- 
ment keeps  the  axis  of  rotation  low,  and  at  the  same  time  enables 
each  magnet-limb  to  be  slid  horizontally  away,  should  it  be  desired 
at  any   lime  to  examine  or  remove  the  armature.     Further,  the 
minimum  distance  Ixitween  the  iron  of  the  pole-piece  and  the  iron 
of  the  base-plate  being  considerable,  the  loss  of  lines  by  magnetic 
leakage  is  extremely  small.     In  a  machine  having  an  output  of  So 
volts  and  500  amperes,  at  a  speed  of  200  revolutions  per  minute, 
the  armature  core  is  1 8"  in  diameter,  and  is  built  up  of  discs  •025" 
thick,  insulated  with  paper  :  the  winding  of  the  annature  consists 
of  104  laminated  bars,  e.ich  composed  of  six  strips  '072"  x  "5 10" 
united  to  a  52-part  commutator.     The  sectional  area  of  the  con- 
nectors is  -3    square  inch,  and  the  resistance   of  the  armature 
when  warm  is  ■005  ohm.      The  current  is  collected  by  five  ij'' 
gau/e  brushes.    The  polar  angle  is  136'  ;  at  the  extremities  of  the 
pole-pieces  furthest  from  the  yoke,  the  wrought-iron  polar  exten- 
sions are  forged  solid  with  the  limbs,  and  approach  one  another 
more    closely  than  do  the  cast-iron  '  horns '  screwed  on  at   the 
Upper  edges  of  the  poles  (cp.  fig.  135).    By  this  means  the  field  is 
distributed  evenly  round  the  bore,  and  any  excessive  upward  pull 
of  the  magnet  on  the  armature  is  prevented.     The  field  is  shunf- 
'wound  with  34,000  amp^re-tums,  the  wire  having  a  rectangular 
section  in  order  to  economi.se  the  space  occupied  on  the  formers. 

(5)  To  Messrs.  Siemens  Bros,  and  Co.  belongs  the  credit  of 
having  built  what  are  probably  the  largest  2-pole  direct-coupled 
dynamos  in  exi.stence,  and  with  an  account  of  these  we  conclude 
our  description  of  bipolar  continuous-current  dynamos.  The 
dynamo  in  question  (illustrated  in  fig.  164)  is  capable  of  main- 
lainmg  continuously  an  output  of  1,500  ampcrres  at  120  volts,  or 
180  kilowatts,  when  running  at  a  speed  of  350  revolutions  per 
minute,  and  is  coupled  directly  to  a  Willans  high-speed  single- 
acting  engine.  Three  such  combined  sets  were  shown  at  the 
Royal  Naval  Exhibition  held  in  London  during  the  year  1891^ 
and  continual  use  proved  them  to  be  entirely  satisfactory  both  as 
regards  heating  and  sparklessness.  The  engine,  which  is  of  the 
standard  I.I.I,  size,  manufactured  by  Messrs.  Willans  and  Robinson, 
is  capable  of  indicatiiig  300  horse- power  with  a  slta^xv  yi^^'avix^.  <a.\. 
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130  lb.  per  sq.  in.,  and  when  tested  at  the  Exhibition,  shortly 
its  close,  the  over-all  efficiency  of  the  cominnation  at  full  load,  or  the 
ratio  of  the  electrical  power  at  the  terminals  to  the  (»o\ver  indicated 
in  the  cylinders  of  the  engine,  was  as  high  as  S4  jK-rccnt.  :\Miun 
ing  the  brake  H.  P.  of  the  engine  tobe  al)out  90  per  cent,  of  the  I.H.P., 
the  commercial  efficiency  of  the  dynamo  is  thus  93-5  pet  cent 

The  dynamo  is  of  the  undertype  single-horseshoe  form  rfiown 
in  fig.  123  with  a  drum-wound  armature.      The  latter  is  :; 
diameter  with  a  length  of  36",  .and  is  built  up  of  soft-iron 
mounted  directly  on  a  6"   steel  spindle,  which   measures  7  f«l 
2 1  inches  from  the  commutator  end  up  to  the  face  of  the  fofftd 
coupling  by  which  it  is  bolted  to  the  engine  crank-sliaft.     Owinj 
to  thu  small  number  of  commutator  segments  tliat  arc  ncccssuj 
to  obtain  the  voltage,  and  the  l.irge  si/e  of  inductor  that  is  retjoimi 
to  carry  the  current,  the  amiature  is  treble-wound  in  order  lu 
avoid  sparking  and   heating   iiy  eddy-currents   (p.  380X     ^^ 
wmding  consists  of  48  bars,  making  144  bars  in  all  :  these  ao 
connected  to  a  joint  72-part  commutator,  in  which  ihe  Mfmaili 
of  any  one  winding  occur  .iltemately  with  those  of  the  oth'"  •— • 
windings.     The  Iwrs  arc  composed  of  a  number  of  strands  1 
together  (|i.  248)  and  compressed  into  a  rect.v 
commutator  is  uV'  in  diameter,  and  h.as  ,1 
long,  the  sections  being  of  hard  drawn  copper,  msulatcd  wjth  vea. 
There  are  three  brushes  on  each  of  tlie  two  bni='  "      -- ' 

each  brush  is  formed  of  four  copper  gauze  brushy 
X  J'  thick,  laid  one  above  the  other,  the  great  wiiiUi  uf  i> 
which   such  a  comjxjsite  brush  gives  being  necessitated  L}   ; 
fact  that  with  tlie  treble-winding  each  brush  must  cover  «t  lest 
two  commutator  segments  simultaneously.  For  greater  conrcnkiice 
in  moving  the  heavy  cast-iron  rocking-bar  and  brash  gear,  ibe 
whole  is  arranged  to  be  rotated  round  the  commutator  by  «  worm 
and  worm-wheel. 

The    magnet    is  composed  of  three  massive  wioi|ght-inn 
forcings,  having  a  sctti  '    x  164",  '  . ether  aAa 

the  same  manner  as  Hi  ribed  dyn.>  nirrorrrt 

by  gun-metal  brackets  screwed  to  the  limbs  and  boJicd 

I  combin-i" '    sf-platc.  tlie  minimum  distance  l>r 


iron  I 


anA  iron  b 


that  the  mttgnctic  Icalugc  i&  kepti 
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Ibnable  limits  :  two  of  these  brackets  on  the  one  side  of  the 
amo  are  seen  in  the  illustration.  The  whole  of  the  weight  of 
the  fly-wheel  and  armature  is  taken  by  the  inner  main  bearing  of 
the  engine  and  the  outer  bearing  of  the  dynamo,  the  latter  being 
bushed  with  a  gun-metal  sleeve  13V'  long,  and  fitted  with  two 
sight-feed  lubricators.  The  field  is  shunt-wound,  and  the  two 
formers  are  provided  with  shackles  for  the  purpose  of  lifting  them 
off  or  replacing  them  on  the  limbs.  At  the  ends  of  the  bobbins 
$x  substantial  hard-wood  flanges,  and  upon  an  extension  of  the 
tapper  flanges  above  the  commutator  are  mounted  the  gun-metal 
«nirial  blocks  :  each  of  these  is  connected  to  the  brush-holders 
9  flexible  cables  having  a  total  cross-sectional  area  of 
inch, 
he  total  weight  of  the  dynamo  is  1 3^  tons,  and  of  the  armature 
rly  2^  tons. 

( B. )  Multipolar  closed-coil  continuous-current  dynamos. 
[6)  The  'Victoria'  4-poIe  dynamo  of  fig.  165  is  manufactured 
e  Brush  Electrical  Engineering  Company,  and  e.xemplifies 
for  us  a  multipolardynamo  with  double-magnet  field  and  discoidal- 
ring  armature.  The  divided  magnetic  circuit  of  this  type  of 
machine  has  been  already  represented  diagrammatically  in  fig.  132  , 
the  magnetising  coils,  eight  in  number,  are  so  wound  that  opposing 
j)oles  are  of  the  same  sign,  while  the  four  poles  on  one  and 

Kme  side  of  the  flat-ring  armature  are  alternately  N.  and  S. 
:  Victoria  dynamo  each  pair  of  opposing  poles  is  united  by 
imon  pole-piece  of  cast  iron,  shrunk  upon  the  cylindrical 
»'rought-iron  magnet-cores.  The  two  cast-iron  yoke-rings,  to 
nhich  the  magnet-cores  are  fastened  by  screws,  are  formed  into 
vertical  end-frames  whereon  the  machine  stands.  The  armature 
ihaft  passes  centrally  through  them,  and  is  supported  by  two 
xarings  ;  from  the  end-frame  near  the  commutator  projects  a 
■ibbed  bracket,  which  carries  the  one  end  of  the  shaft,  as  seen  in 
he  illustration,  while  the  other  bearing  forms  part  of  the  further 
:nd-frame. 

The  armature-core  is  formed  by  coiling  soft  iron  ribbon  "ou' 
hick  (=No.  30  B.W.G.),  upon  a  foundation-ring  of  wrought  iron, 
I  continuous  strip  of  thin  paper  being  wound  on  at  the  same  time 
n  order  to  insulate  adjacent  convolutions  and  prevent  the  flow  of 

It  ^ 
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eddy-currcnts.     Owing  to  the  feet  that  the  pole-pieces  are  arch 
over  the  core,  and  thus  embrace  three  surfaces  of  the  ring,  the  liti 
of  induction  enter  the  core   not   only  from  the  sides,  but 
radially  at  the  rim.     It  is  thus  necessary  to  laminate  the  outer 


W'  71 
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portions  of  the  ring  in  two  directions — transversely  as  well  tsx 
nlly— andon  this  account  the  outer  periphery  is  formed  of  | 
bands  of  iron  V'  wide  ;  the  main  inner  jiortion  of  i' 
with  wider  iron,  since  but  few  of  the  lines  wln'  a| 

outer  circun^fcrence  penetrate  far  into  the  depth  of  the  nng, 
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Inpleted  core  has  a  nearly  square  cross-section,  and  is  supported 
n  the  shaft  by  a  four-armed  gun  metal  spider,  the  hub  of  the 
er  being  fixed  to  the  shaft  by  a  feather,  and  also  held  in  place 
by  hexagonal  nuts.  The  foundation  ring  and  a  few  of  the  inner 
rs  of  ribbon  are  slotted  at  four  fioints  on  both  sides  of  the 
e,  and  into  these  notches  fit  projections  from  the  four  arms  of 
:  spider.  These  radial  arms  are  split  down  the  centre  into  two 
Jives,  and  a  bolt  passing  through  each  arm  pinches  the  two  halves 
lightly  together,  and  causes  them  to  grip  the  core.  In  order  lo 
prevent  end-play  of  the  armature,  the  commutator  end  has  a 
stbearing  with  several  deep  collars,  turned  on  the  shaft.  The 
alving  armature  is  externally  protected  by  brass  guards  uniting 
I  several  pole-pieces.  The  yoke-rings  are  cast  in  two  halves  and 
juently  bolted  together  ;  hence  the  whole  upper  half  of  the 
-system  can  he  lifted  off,  leaving  the  armature  open  for  in- 
btion,  and  on  further  removing  the  raps  of  the  bearings  the 
ature  tan  itself  be  raised  out  of  the  field. 
[In  order  to  permit  of  the  use  of  two  sets  of  brushes,  the  seg- 
Ots  of  the  commutator  are  cross  connected  (p.  254),  the  brushes 
1  4-pole  machine  being  then  placed  90'^  apart,  as  seen  in  fig.  165. 
machine  illustrated  has  an  output  of  75  volts  and  150 
^res  when  running  at  800  revolutions  per  minute.  The 
nal  diameter  of  the  armature  is  21  inches,  the  core  being 
wide,  with  a  radial  depth  of  3,',".  It  is  wound  with  360  turns 
ire  "165"  diameter  in  two  layers  and  connected  to  a  60-part 
nmutator,  the  resistance  of  the  armature  being  '0106  ohm. 
diameter  of  the  field-magnet  cores  is  3^",  and  the  field  is 
npound-wound.  The  total  weight  is  13^  cwts.  In  large 
achines  the  armature  wire  is  rectangular,  and  is  wound  in  an 
unbroken  spiral  round  the  core,  forming  a  single  layer  outside 
and  inside.   The  connections  to  the  commutator  are  then  soldered 

•-to  the  windmg  at  the  inner  periphery  of  the  core.    Owing  to  the 
liner  in  which  the  vertical  yoke-rings  are  formed  into  sup- 
rting  standards,  with  the  consequent  absence  of  a  liedplate,  the 
Karia  machine  is  exceedingly  compact,  and  yields  a  large  output 
given  total  weight      In  itself  the  double  set  of  magnets  is 
Gnomical  in  field-wire,  but  against  this  must  be  set  the  fact 
jhat  the  magnet  cores  have  the  best  section,  vir.  (.he  cwcVt.    '^Vvt 


I 
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multiplication  of  poles  has  a  further  tendency  to  increase  the  losses! 
by  hysteresis  and  eddy-currents  in  the  armature  ;  on  the  otherl 
hand,  the  consequent  subdivision  of  the  armature  winding  inioj 
more  than  two  parallels,  even  if  it  is  not  required  in  order  \A 
attain  sparklessness  (p.  385),  yet  has  the  advantage  that  it  allowil 
the  width  of  the  mductors  to  be  reduced,  and  therefore  lessenJ 
the  loss  by  eddy-currents  in  the  solid  wires.  Finally,  the  discoidal-l 
ring  armature  to  which  the  type  of  field  lends  itself  possesses  tha 
two  recommendations  that  it  is  excellently  ventilated,  and  can  bel 
driven  at  a  high  peripheral  speed,  the  nature  of  the  winding  beina 
well  adapted  to  withstand  centrifugal  force.  I 

Fig.  i66  shows  a  Victoria  dynamo  driven  by  a  vertical  doubleJ 
acting  engine,  also  manufactured  by  the  Brush  Electrical  Engin'4 
eering  Co.,  and  illustrates  a  method  of  rope-driving  which  haJ 
been  largely  used  by  that  firm.  An  endless  cotton  rope  passefl 
several  times  over  each  of  the  two  grooved  pulleys,  the  last  tunJ 
being  guided  across  the  others  by  a  small  jockey  pulley  placeia 
between  the  engine  and  dynamo.  This  pulley  further  serves  as  a 
rope-tightener,  its  height  from  the  floor  being  adjustable.  Thd 
advantage  of  the  endless  rope  is  that  each  portion  takes  its  faijj 
share  of  the  work,  whereas  if  several  separate  ropes  are  used,  ihoj 
strain  is  apt  to  be  unequally  distributed  between  them,  and  tbosd 
which  are  tightest  have  the  greatest  part  of  the  load  thrown  upoM 
them.  I 

(7)  The  drum  dynamo  (fig.  167),  manufactured  by  Messrsi 
Crompton  and  Co.  for  large  outputs,  aiTords  a  good  illustration  ol 
the  peculiar  4-pole  field  with  two  distinct  rnagnetSs  >uch  as  hafl 
been  typically  shown  in  fig.  130.  Each  magnet  is  roinpostJ 
entirely  of  rectangular  wrought-iron  furgings,  the  yoke  beinfl 
bolted  between  the  two  limbs,  on  which  are  wound  a  pair  of  man 
nctising  coils.  The  hontcshoes  being  placed  horizoncatly  on  cith^ 
side  of  the  armature,  four  equal  interpolar  gaps  ari-  ''flH 

on  a  vertical  and  two  on  a  horizontal  diameter  ;  in  ^  4^H 

these  are  hidden  by  substantial  gun-metal  distance-pieces,  HcrmKl 
to  the  corners  of  the  poles,  and  serving  to  stay  the  wb-'-  —  --neiiJ 
system.     Each  horseshoe  is  supported  from  the  Ix-ii  tjya 

brackets  of  gun-molal,  so  as  to  nv  d^| 

tliL-  two  lower  limbs  and  pole-\>i'  ''^^H 
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metal  formers  with  wooden  flanges  and  insulated  with  mica,  and 
varnished  tape,  are  used  to  carr>'  the  field-coils  :  these,  as  well  as 
the  armature,  are  carefully  dried  in  an  o\Ten,  both  before  and  after 
winding. 

The  armature  core  is  composed  of  charcoal-iron  discs,  insu- 
lated from  one  another  by  varnish  :  they  are  mounted  on  several 
aluminium  bronze  radial  arms,  which  are  fitted  into  projections 
running  along  the  length  of  a  cylindrical  cast-iron  hub,  the  latter 
being  itself  keyed  to  the  steel  shaft.  The  driving  force  is  trans- 
mitted from  the  core  to  the  armature- winding  by  means  of  delta- 
metal  driving-teeth  securely  fitted  into  the  substance  of  the  core 
and  projecting  through  the  armature  bars.  These  are  of 
Crompton's  patent  stranded  cable,  compressed  into  a  rectangular 
shape,  sufl[icient  insulation  being  maintained  between  the  separate 
strands  after  they  are  compressed  to  avoid  eddy-currents.  The 
end-connectors  of  the  drum-winding  span  approximately  a  quadrant 
of  the  armature,  and  are  of  copper  strip  bent  to  the  required  form  ; 
at  the  engine  or  pulley  end  of  the  armature  the  copper  strips  are 
soldered  into  a  segmental  hub,  built  up  and  insulated  very  much 
«fter  the  fashion  of  a  commutator,  while  at  the  other  end  they  are 
soldered  directly  into  the  commutator  segments,  the  necessity  for 
a  separate  commutator  lug  being  thereby  avoided  (cp.  fig.  i6o). 
The  armature-winding  is  connected  into  either  two  or  four 
parallels,  according  as  a  high  or  low  voltage  is  required. 

The  machine  illustrated  has  an  output  of  50  volts,  1,000 
amperes  at  450  revolutions  per  minute,  and  is  arranged  for  rope- 
driving  with  a  bearing  on  either  side  of  the  grooved  pulley.  There 
are  only  two  sets  of  brushes,  90°  apart.  The  commercial  efficiency 
is  90  per  cent.,  and  after  a  full-load  trial  for  ten  hours  the  rise  of 
temjieralure  did  not  exceed  a  limit  of  70°  F.' 

Similar  machines  have  been  supplied  for  central-station  work, 
coupled  directly  to  Willans  high-speed  engines,  and  giving  200  or 
lore  volts  for  use  in  connection  with  a  3-wire  system  of  mains. 

la  a  similar  machine,  described  in  Industrits,  April  35,  1890,  for  3,500 

3  and   50  volts  at  a  speed  of  400  revolutions  per  minute,  the  armature 

ductort,  being  few  and  massive,  had  faced  joints  and  were  screwed  logethct 

lih  steel  U.lts  nnd  nuts ;  four  sets  of  six  brushes,  each  a"  wide,  weie  emplofed 

ir.)lli;t-t  ilic  cuirenL 
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One  such,  coupled  to  a  Willans  I.I.  engine,  and  ginng  225  n>/< 
600  amperes  at  350  revolutions  per  minute,  was  exhibited  at 
Crystal  Palace  Electrical  Exhibition  of  1892:  thearmatvn 
28"  diam.  xj6"   long,  and  was  wound  with  214  bars, 
magnet-slabs  had  a  sectional  area  of  14"  x  la".   As  compared  witi 
2-pole  dynamos  of  equal  output,  Messrs.  Crompton  and  Co.  1 
a  decided  superiority  for  the  above  type  on  the  grounds  of  its  le 
liability  to  troubles  from  armature  reaction  and  sparking,  and 
greater  cheapness  to  manufacture. 

(8)  The    lo-pole  dynamo  of  fig.  168,  manufactured  by  Me 
Siemens  and  Halskc,  of  Berlin,  brings  before  us  a  remarkable  typ 
of  machine,  almost  unknown  in  England,  but  much  favoured 
the  Continent.     In  this  type,  which  is  peculiarly  suitable  fof  lat^ 
central-station  dynamos,  the  poles  are  internal  and  stationary,  wi- 
the external  ring-armature  revolves.     The  machine  illustrated  ' 
exhibited  at  the  Frankfort  Electrical  Exhibition  of  1891,  drive 
directly  by  a  triple-expansion  condensing  engme  of  the  marin 
vertical  type  by  G.  Kuhn,  of  Stuttgart-Berg  :  the  outpot  of  th 
dynamo  was  150  volts  and  2,200  amperes,  or  330  kilowatts,  at  7J 
revolutions  per  minute,  the  engine  being  of  over  500  H. P. ;  at  1*0 
revolutions  per  minute  the  output  may  be  raised  to  600  kilowatts, 
or  zoo  volts,  3,000  amperes,  without  unduly  loading  the  m^chin^ 
The  internal  magnetic  system  consists  of  ten  poles,  radiating  oufl 
wards   from  a    massive   central  yoke-ring,  very   .simiLi'  i3 

internal  field  of  fig.  73;  the  whole  is  cast  in  one  solid  {•  >(fl 

bolted  to  the  end  of  the  engine  bedplate.     Each  pole  \%  wound 
with  a  magnetising  coil  14  '  long,  the  entire  field-winding  fnnniiifc 
a  shunt  to  the  external  circuit.  H 

The  armature  core  is  constructed  of  thin  iron  pUtes,  supports 
from  a  large  cast-iron  star-frame.  The  latter  has  thirty  aniH 
radiating  outwards  from  it,  and  through  a  boss  at  the  end  of  ea^| 
arm  projects  a  steel  bolt  ;  holes  through  the  middi'  '   •  9efl| 

mental  core  plates  enable  them  to  be  threaded  over  boMi 

and  they  are  then  compressed  by  nuts  at  the  ends  of  the  bold 
Each  of  the  thirty  bolts  is  carefully  insulated  from  the  core,  in  ofdfl 
to  prevent  the  formation  of  eddy-currents  along  its  length.  H 

The  engine  crankshaft  is  continu t9 

s/tteia  of  poles,  ami  10  vis  ouvw  end  -  i  jM 
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spieled  core  is  thus  held  out,  concentric  with  and  overhanging 
internal  poles.  The  external  diameter  of  the  armature  is 
approximately  lo  feet,  while  the  diameter  of  the  circle  drawn 
Bund  the  peripher)- of  the  curved  pole-pieces  is  hut  little  less  than 
feel :  these  dimensions  sufficiently  illustrate  how  small,  as 
Dmpared  with  the  diameter,  is  the  radial  depth  of  iron  in  such  a 
tjultipolar  armature.  The  Gramme  winding  consists  of  8io  turns 
■  solid  copper,  each  turn  lieing  composed  of  a  lx)w-shaped  piece, 
irhich  embraces  the  interior  and  sides  of  the  ring,  and  an  external 
jnneciing  piece  riveted  and  soldered  to  the  end  of  one  inductor 
nd  the  beginning  of  the  next  at  the  outer  edges  of  the  armature 
eriphery.  A  striking  feature  is  the  absence  of  any  separate  com- 
jnutalor,  the  collecting  brushes  being  arranged  to  press  directly  on 
be  bare  exterior  connectors.  The  possibility  of  this  in  a  ring  arma- 
has  not  been  hitherto  alluded  to  in  our  pages,  but  a  reference 
fig.  98  will  show  that  in  the  ring-winding  the  potential  rises 
gressively  as  we  pass  from  loop  to  loop,  from  one  neutral 
of  collection  lo  the  other,  after  the  same  law  as  in  the 
jmmutator  sections,  and  that  if  the  armature  wires  were  bare  at 
ly  part  of  their  length,  the  brushes  might  be  shifted  so  as  to  touch 
umediately  on  the  actual  winding.  In  the  present  machine  the 
Utemal  bars  are  bare,  each  being  merely  insulated  from  its  neigh- 
jur  by  an  intervening  strip  of  a  kind  of  compressed  paper  or 
rdboard  :  in  shape  they  are  broader  and  deeper  than  the  internal 
iuctors,  being  nearly  y'„"  wide,  and  the  surface  of  the  whole  set  is 
rned  up  in  place  on  the  armature.  The  ten  sets  of  brushes  are 
Upportcd  by  as  many  horizontal  arms  so  as  to  bear  on  the  outer 
riphery  of  the  annature,  as  seen  in  the  figure  ;  in  each  set  there 
three  brushes,  1 1"  wide,  formed  of  rectangular  copper  wires 
'  y  side  and  soldered  together  at  their  outer  ends.  The 
vc  and  five  negative  sets  of  brushes  are  respectively  con- 
in  parallel  to  two  common  terminals.  The  stellate  brush- 
ier,  with  its  ten  radial  arms,  is  bolted  to  the  outer  bearing  ;  a 
iid-whecI  and  pinion  gearing  into  a  spur-wheel  rim  on  the  brush- 
iritf  enables  the  whole  lobe  rotated,  while  by  moving  a  lever  all 
brushes  can  be  simultaneously  raised  from  or  lowered  on  to 
:  armature.  The  outer  bearing,  26"  long,  is  bolted  to  a  cast- 
basc,  which  is  itself  bolted  to  a  paii  ot  mVaVifeVjN*  \Jpdc.Nss,n^ 
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the  lowest  brush-spindle  ;  thus,  on  loosening  the  bolts,  the 
and  all  the  brush-geat  can  be  slid  back,  leaving  the  armttnre 
entirely  free.     The  diameter  of  the  shaft  where  the  armn 
is  keyed  on  is  13I",  and  within  the  bearings  on  each  sic     '    ,    .  — 
hile  the  distance  from  centre  to  centre  of  the  bearings  is  nearifH 


feel  J 


At  the  Berlin  central  stations  there  are  several  dynamos  of  the 
same  or  very  similar  construction,  with  outputs  of  400-500  H.P., 
^-and   so   far  as  can  be  judged    by  our   present   knowledge,  the 
^■mechanical  construction  of  the  overhanging  armature  with  it» 
insulated  bolts  has  proved  entirely  satisfactory,  no  dirticulties  l)eing 
experienced  arising  from  any  de-centering  of  the  ring.    The  internal 
position  of  the  magnets  reduces  the  weight  of  iron  very  consider-| 
ably,  since  the  mean  diameter  of  the  yoke-ring  is  so  much  smaller  I 
than  would  be  the  case  if  the  poles  were  external  to  the  armature,  ( 
and  the  yoke-ring  external  to  the  poles.     It  is  worth  remarking  I 
that  the  centrifugal  force  on  the  armature  is  opposed  by  the  pull] 
of  the  field-magnets  on  the  iron  core.   In  large  multipolar  machine$j 
for  central-station  work,   having  a  separate  commutator  perhap 
3  or  4  feet  in  diameter,  and  with  several  hundreds  of  section 
the  cost  of  this  commutator  and  its  connections  is  a  very  seriouf 
item,  both  when  first  manufactured  and  when  it  requires  rcnewaLf 
In  the  present  machine  this  cost  is  largely  reduced  by  the  adapta- 
tion of  the  exterior  winding  to  serve  the  purpose  of  a  com : 
the  only  disadvantages  are  the  high  peripheral  speed  of  1  1 

I  surface  (2,000-3,000  feet  per  minute)  and  the  somewhat  incon 
■venicnt  [losition  of  the  lower  sets  of  brushes. 
II.  Open-coil  continuous-current  mcuhints. — In  this  class  tt 
niachines.and  twoonly,  have  attained  to  complete  practical  success  ij 
lioth  are  pre-eminently  arc  lighters,  and  for  this  work  present  such 
special  advantages  that  one  or  other  of  them  is  used  in  three-four 
of  the  central  stations  which  undertake  street  or  other  out 
lighting.  They  are  the  Brush  and  the  Thomson- Houston  dynan 
ihe  former  of  which  is  manufactured  by  the  Brush 
■England  and  America  alike,  while  the  latter  is  mai.w..>v.^ 

'  Eison  {EUdrical  /frvira;  xxix.  1891,  p.  34a},  lo  whose  eBCcUcnt  dcscdp' 
I  we  ore  indebted  for  maoy  of  tbe  above  delAit*.— iFAr/nirtitit,  Ancwt  ii,  I 
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the  Thomson- Houston  Electric  Company,  for  whom  the  Lang, 
>Vharton,and  Down  Construction  S}Tidicate  are  the  English  agents. 
Although  entirely  dissimilar  in  construction,  both  machines  are 
adapted  to  give  a  high  potential,  amounting  in  the  larger  sizes  to 
as  much  as  3,000  volts.  Their  current,  although  pulsating 
slightly  in  each  revolution,  is  uni-directed,  and  has  a  steady  mean 
value,  while,  further,  by  special  devices  it  is  maintained  very  ap- 
proximately at  the  same  mean  value,  even  when  the  resistance  of 
the  external  circuit  is  considerably  altered.  They  are  thus 
admirably  suited  to  the  lighting  of  a  number  of  arc-lamps  arranged 
in  series  at  considerable  distances  apart,  and  requiring  a  constant 
current  with  var)ing  potential  ;  in  fact,  provided  the  mean  value 
of  the  current  be  maintained  constant,  its  pulsatory  character 
would  appear  to  be  of  positive  advantage  in  steadying  the  light, 
probably  because  the  pulsations  keep  the  mechanism  of  the  lamp 
in  a  constant  state  of  tremor,  and  so  render  its  various  parts  less 
liable  to  stick  or  become  sluggish  in  their  action. 

(x)  The  Brush  dynamo  may  be  shortly  classified  as  a  discoidal- 
ring  armature  with  large  Pacinotti  teeth  placed  in  a  horizontal 
double-horseshoe  field.  Fig.  170  shows  in  outline  a  side  and  end 
\new  of  a  machine  manufactured  by  the  Brush  Electrical  Engin- 
eering Co.,  and  known  as  their  8  L  size  ;  when  running  at  800  revo- 
lutions per  minute  it  is  capable  of  lighting  55  arc  lamps  in  series, 
each  taking  50  volts  x  10  amperes,  its  output  being  therefore  10 
amperes,  and  nearly  3,000  volts  at  its  terminals. 

The  construction  of  the  laminated  armature  core  is  indicated 
in  fig.  169.  On  a  foundation-ring  (a)  of  wrought  iron  is  wound 
a  continuous  soft- iron  ribbon  (b),  "059"  thick  :  between  each  suc- 
cessive convolution,  and  at  due  intervals  round  the  circumference, 
arc  inserted  H -shaped  iron  stampings  of  the  same  thickness  as 
the  ribbon.  Bolls  passing  radially  through  ribbon  and  stampings 
into  the  ring  A,  and  riveted  over  at  either  end,  serve  to  secure  the 
whole.  The  Hp'eces  being  all  of  the  same  size  and  placed 
one  above  the  other,  their  projecting  teeth  form  deep  grooves 
with  parallel  sides,  and  in  each  such  groove  a  coil  of  many  turns 
is  wound,  The  adjacent  projections  from  two  sets  of  H-P'eces 
converge  towards  the  inner  periphery  of  the  ring,  atvd  iKws  <o\tsv 
laige  Pacinotti  teeth,  which  reduce  the  \ei\gj.\\  o^  aXi-^^j,  mA  ' 
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drive  the  inductors  through  the  magnetic  field.     Before  wind 
the  armature  coils,  the  recesses  are  insulated  with  a  wrapping 
strong  canvas,  saturated  with  shellac  varnish,  and  with  sheets] 
tough  paper,  also  treated  with  shellac.     The  coils  are  then  wo«) 
on,  all  in  ihc  same  direction,  wrappings  of  calico  being  inse 
occasionally  between  the  layers.    The  inner  ends  of  each 
coils,  situated  at  opposite  ends  of  a  diameter,  are  soldered  togetl 
and  carefully  insulated  :  the  outer  ends,  also  insulated,  art- 
through  a  hole  bored  lengthways  in  the  shaft,  through  the  bearij 
and  so  to  two  opposite  segments  of  a  commutator.    The  mac 
illustrated  has  four  pairs  of  coils,  and  therefore  two  douitte  com- 
mutators, the  arrangement  of  which  has  been  already  dcschbcd 


ConRtniciinn  of  ormaiore  of  ttnub  ilymimo. 

in  Chap.  X.,  and  illustrated  in  fig.  87.     The  segments  ore  of  I 
metal,  screwed  to  insulating  rings,  and  separated  by  air-gaps 
construction  allows  of  the  easy  renewal  of  the  segments,  wliii^  1 
comparatively  quickly  worn  out  by  the  sparking  at  the  liru 
(cp.  p.  392).     The  brushes  are  of  thin  sheet-copper  sUi  at 
one  end  into  a  number  of  teeth  (p.  393) ;  each  pair  is  adjitstabfe 
by  relating  a  lever  round  the  shaft,  and  roi 
the  terminals  mounted  on  a  slate  slab  in  the 
copper  strips  of  iigzag  shape,  as  shown  in  fig.  1 70. 

The  double-horseshoe  field  is  of  the  ty{>e  »h"""  ■" 
but  w  iih  the  centres  of  the  poles  on  a  horuontal 
cores  on  which  ibe  (icVd-co\\a  axfnmxAwi**  ^:4i>\  j&is^ijBwfi 
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bolted  to  the  cast-iron  vertical  end- frames  which  form  the  yokes  ; 
the  cun,ed  pole- pieces  are  extended  considerably  on  both  sides  of 
the  magnet-cores,  and  thus  cover  a  large  portion  of  the  sides  of 
the     armature.        The 
simitar  poles  which  face 
each    other    on    either 
side    of   the   armature- 
ring  are  not  united  as  in 
the    \'ictoria    machine, 
and  therefore  the  lines 
enter  the  core  only  from 
the  sides,    and    chiefly 
by  the  Pacinotti   teeth. 
Before  being  insulated, 
each  magnet-core  is  sur- 
rounded by  a  thin  sheet 
of      copper      soldered 
together   at   its   edges  : 
the  field-winding  is   in 
series  with  the  armature 
and  external  circuit,  and 
hence  the  pulsating  na- 
ture of  the  main  current, 
which  is  also  the  mag- 
netising  current,    tends 
to  produce  fluctuations 
in  the  magnetism  of  the 
field,  and  consequently 
eddy-ciurents     in     the 
cores ;  the  object,  there- 
fore, of  the  copper  en- 
velope is  to  damp  down 
any   fluctuations  in  the 
field,  the  iron  core  being 
as  it  were   shielded   by 
the     induced    currents 
which  are  set  up  in  the 
copper.         Over       the 
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copper  sheaths  is  wound  insulation  of  varnished  vulcanised  fibre 
and  stout  papyer,  and  at  intervals  the  layers  of  wire  are  fur 
insulated  by  strong  cotton  sheets,   well  varnished   with   shcB 
Indeed,  careful  insulation  is  throughout  of  great  importance,  ov 
to  the  high  difference  of  potential,   3,000  volts  at  full 
which  may  exist  between  the  winding  and  the  ironwork  of  1 
machine. 

The  reaction  of  the  armature  on  the  field  in  this  t> 
dynamo  is  very  considerable  ;  as  the  result,  the  field  is 
fully  distorted,  and  the  lines  are  densely  concentrated  at  the  1 
corners  of  the  pole-pieces.    The  line  of  best  action,  and  con 
quently  the  diameter  on  which  the  brushes  bear,  thus  passes  thr 
the  trailing  corners,  these  being  in  the  figure  the  upper  conicrl 
the  right-hand,  and  the  lower  comer  of  the  left-hand  pole-pic 
In  the  diagrams  of  Chapter  X.,  since  the  subject  of  armatl 
reaction   had   not   then  been   discussed,  the   Une   of  maxin 
density  of  field  is  placed  only  slightly  in  advance  of  the  horizon 
diameter,  in  order  that  the  action  of  the  coils  in  relation  to 
poles  might  be  the  more  easily  followed  :  hence,  though  the  lead 
the  brushes   is  there  indicated,  its  considerable  amount   is 
adequately  represented.     The  influence  of  the  Pacinotti  teethj 
heating  the  poles  has  been  alluded  to  in  Chapter  XVIIL,  p.  4! 
hence  at  the  pole-corners  the  normal  rise  of  temperature  of  I 
field,  viz.  70°  F.,  is  exceeded,  without,  however,  any  prejudici 
effect  on  the  working  or  life  of  the  machine. 

The  commercial  efficiency  of  the  open-coil  dynamo  is  not] 
high  as  that  of  the  closed-coil  machine  of  equal  output,  owin 
the  pulsating  character  of  the  current,  the  suddeti  cli.!: 
connection  of  the  few  sets  of  coils,  and  the  inevitable 
the  brushes,  together  with  a  greater  liability  to  eddy  currents  i 
lx)th  armature  and  pole-pieces.    An  average  value  is  probably  1 
more  than  75  per  cent.,  although  large  sizes  arc  built 
guarantee  of  80  per  cent,  commercial  efficiency. 

When  employed  for  arc  lighting,  the  current  of  the  macii 
kept  constant,  even  when  the  number  of  arcs  is  varied,  by  1 
of  an  automatic  regulator.     This  consists  of  a  variabloj 
resistance  placed  as  a  shunt  to  the  lield-coils,  and  90 
ihsLl  when  the  cunenv  nsts  ataost  \i\«,w«TCk'!&,>lt«.  ^ax^> 
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ance  is  decreased  ;  a  greater  proportion  of  the  main  current  is 
thus  diverted  from  the  magnetising  coils,  and  passes  through  the 
shunt,  the  result  being  that  the  strength  of  the  field  and  the 
induced  E.M.F.  are  reduced,  and  the  main  current  is  brought 
back  again  to  its  normal  value.  Similarly,  when  the  main  current 
falls  below  the  normal,  the  resistance  of  the  carbon  shunt,  and 
consequently  the  induced  E.M.F.,  are  increased  until  the  normal 
strength  of  current  is  re-estabhshed.  The  resistance  consists  of  a 
number  of  thin  blocks  of  retort  carbon  resting  one  above  the 
other  ;  the  closer  these  are  pressed  together,  the  less  is  their 
resistance.  The  whole  series  is  acted  on  by  a  lever  connected  to 
the  armature  of  an  electro-magnet,  and  this  latter  is  excited  by  a 
solenoid,  round  which  the  main  current  passes.  When  the  main 
current  rises  or  falls  in  value,  the  pressure  exerted  by  the  lever 
upon  the  carbon  blocks  is  increased  or  diminished ;  thus  the 
resistance  of  the  shunt  is  automatically  varied,  and  the  magnetising 
current  round  the  field-coils  is  altered  so  as  to  maintain  a  constant 
external  currenl. 

(3)  The  Thomson-Houston  dynamo  is  the  joint  invention  of 
Professors  Elihu  Thomson  and  E.  J.  Houston,  and  is  unique 
alike  in  its  action  and  construction.  Fig.  171  gives  a  perspective 
view  of  the  machine,  while  fig.  172  is  a  longitudinal  section  of  the 
field-magnet,  exposing  to  view  the  armature.  The  main  features 
are  a  spheroidal  armature  wound  drum-fashion,  with  only  three 
coils,  a  3-part  commutator  combined  with  a  remarkable  device 
for  maintaining  a  constant  current,  and  a  peculiar  2-pole  magnet 
with  hemispherical  pole-pieces,  between  and  within  which  the 
annature  revolves.  The  more  theoretical  consideration  of  the 
armature  and  commutetor  has  already  been  dealt  with  in  Chap.  X. 
pp.  176-81,  and  it  only  remains  to  describe  the  constructive  details. 

The  armature  core  consists  of  soft  iron  wire  wound  round  a 
framework  of  curved  wrought -iron  ribs  held  between  two  cast-iron 
discs,  which  are  keyed  to  the  shaft  at  some  distance  apart. 
Wooden  i)egs  arc  driven  at  intervals  into  holes  drilled  in  the  iron 
frame,  and  between  them,  after  the  core  has  been  insulated,  the 
three  coils  are  wound,  with  their  medial  lines  separated  by  angles 
of  1  io".  In  order  that  each  of  the  coils  may  be  at  the  same  average 
dist.ince  from  the  core,  and  may,  therefore,  have  \V\t  ^a.'ro.t  \e.wgisk 
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and  resistance,  they  are  wound  in  the  following  urocr  :  tif 
half  of  coil  I,  next  the  half  of  coil  a,  and  the  whole  of  coil! 
the  second  half  of  coil  a  is  then  wound  immediately  over  its 


DESCRIPTIONS  OF  TYPICAL  DYNAMOS 

exterior,  it  will  readily  be  understood  that,  owing  to  the 
pping  of  the  windings,  the  finished  armature  is  brought  up 
[form  of  a  sphere  very  slightly  flattened  at  its  ends  along  the 
'the  sbafu'     Over  the  inductor  wires  are  wound  four  bands 
iing-wire.     The  inner  ends  of  the  three  coils  at  the  one  end 
[armature  are  soldered  together  and  the  joint  well  insulated, 
ee  outer  ends  are  led  through  the  hollow  shaft  to  the  seg- 
its  of  the  3-part  commutator  outside  the  bearing.  Each  segment 
rly  120°  wide,  and  insulated  from  its  neighbour  by  small 
On  this  commutator  rest  four  brushes,  coupled  two-and- 


gctJier,  as  shown  in  fig.  91,  each  pair  being  equivaleii 

ush  with  a  wide  arc  of  contact. 

I  shape  and  design  of  the  field-magnet  will  be  seen  fn 
171  and  171.     The  hollow  cylindrical  magnet-cores,  BB,are 
in   one  with  the  cup  shaped  pole-pieces,  and  terminate  in 

Ihc  Crj-ilal  Palace  Exhjbilioti  of  1892  a  new  construction  of  arinalurc 

Dwn,  cnnsisling  of  iron  discs  threaded  on  llic  arm<i  of  a  gun-metal  spider. 

»cular  discs  were  reduced  in  site  from  the  centre  to  the  ends,  w  that  a 

lido]  shape  wa.'.  still  obtained  j   the  three  coiU  were  then  wound  ring- 

a   method  which  enables  them  to  be  much  more  euily  wound  or 

ktely  repaired. 
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circular  flanges,  between  which  the  field-coils  aie  wound    Tol 

outer  end-flanges,   which  are  of  larger  diameter,  are  bolted  a 

number   of  \vrought-iron  bars,  A  a,  stretching  li       '        ■  acrou 

the  machine  outside  the  field-coils,  and  forming  i  St 

standards,  bolted  to  ears  projecting  from  the  end-flanges,  < 

field-magnet  and  the  bearings  of  the  armature.    The  cupped  ] 

pieces  have  each  a  central  hole  to  assist  the  ventilation  of  I 

armature,  and  are  accurately  turned  on  the  inside  to  a  sphcrii 

surface.     In  this,  as  in  the  Brush  machine,  the  line  of  maxima 

field  passes  approximately  through  the  trailing  edges  of  the 

pieces,  and,  therefore,  a  diameter  passing  centrally  through 

brushes  falls  near  these  edges.    Not  only  does  each  comj 

brush  embrace  an  extraordinarily  wide  arc   of  contact,  but 

arrangement  is  unique  in  that  this  width  is  variable  and  depend 

upon  the  current  of  the  machine.     .\s  explained  in  Chap.  X.,  the 

normal  width  of  each  pair  of  brushes  at  full  load  is  60',  that  being 

the  angle  which  separates  the  following  brush  from  the  leading 

brush.     But  if,  for  any  reason,  such  as  the  switching-ofr  of  sonw 

of  the  arc- lamps,  the  current  rises  above  its  normal  value,  it 

upon  an  electro-magnet  (seen  to  the  left  in  fig.  171),  ar>d  thit,  1 

means  of  a  system  of  levers,  separates  the  two  portions  of 

brush  to  a  still  greater  distance  apart.     The  following  bru'sh 

shifted  backwards  and  the  leading  brush  forwards  ;  the  latter 

however,  only  moved  through   one-third  of  the  angle  thr 

which  the  following  brush  is  moved,  such  an  amount  of  fa 

Bvement  being  necessary  in  order  to  lessen  the  sparVIr 

'  otherwise  occur,  owing  to  the  field  being  displaced 

ds  by  the  increased  reaction  of  the  armature  ciurent  Sia 

1  so  moved,  each  brush  covers  more  than  60",  it  f«jllow» '  1 

certain  periods  in  each  revolution  the  -f  and  —  liruthes  I 

toucii  the  same  comiuuiaior  segment ;  the  armature  is  then  ! 

circuited  on  itself,  and  the  effective   E.M.F.   of  the  luach 

is  reduced,   until    the  current  is  once    more    brought    to 

normal  value.     When  the  current  falls  below  (he  normal, 

pair  of  brushes  is  closed  up,  the  result   beinf.;   to  cut  out 

inactive  coil,  and  lessen  the  lime  during  which  it  is  in  poraUel  1 
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a  coil  of  greater  activity.  A  constant  current  is  thus  automatically 
oliiained,  although  in  a  very  difTerent  manner  from  that  lately 
descril)ed  in  connection  with  the  Brush  machine.  As  might  be 
expected,  there  is  considerable  sparking  at  the  brushes,  and  in 
order  to  reduce  this  evil  the  inventors  have  adopted  the  novel  and 
bold  expedient  of  blowing  the  sparks  out  as  they  are  formed,  by 
means  of  small  air-blasts  delivered  on  the  tips  of  the  two  leading 
brushes,  and  occurring  just  at  the  moment  when  each  segment 
breaks  contact  with  the  brush.  The  blower  is  placed  behind  the 
commutator  in  a  small  circular  case,  from  which  two  nozzles 
project,  one  in  front  of  each  leading  brush.  Three  times  per 
resolution  each  nozzle  automatically  delivers  a  blast,  which  im- 
pinges on  the  rear  edge  of  the  segment  as  it  leaves  the  brush. 

The  field-winding  is  in  series  with  the  armature,  the  current 
passing  through  one  magnet-coil,  then  through  the  external  circuit 
of  lamps,  and  returning  through  the  second  magnet-coil  to  the 
armature.  The  current  is  very  considerably  steadied  by  the  self- 
induction  of  the  magnet,  and  it  is  not  surprising  to  find  that  if  the 
field-magnet  be  separately  excited,  and  the  external  circuit  be 
joined  directly  to  the  armature,  the  proper  working  of  the  machine 
Ijecomes  impossible.' 

The  normal  currents  required  by  the  two  standard  sizes  of 
Thomson- Houston  arc  lamps  are  9'6  and  68  amperes  respectively, 
and  for  these  currents  the  standard  miichknes  are  usually  wound. 
One  of  the  larger  sizes,  capable  of  supplying  96  amperes  to  35 
arc  lamps  in  series  when  running  at  a  speed  of  820  revolutions  per 
minute,  has  an  armature  2  ft.  in  diameter,  the  resistance  of  the 
armature  and  of  the  field-winding  being  10-5  ohms  each.  The 
floor-space  required  is  sift,  x  4  ft.,  and  the  standard  pulley  is 
16"  diameter  x  8"  wide.  The  machine  is  surprisingly  light  for 
its  output ;  a  result  due  to  the  fact  that  the  amount  of  iron  in  both 
the  armature  core  and  magnet  is  extremely  small,  while  the  pro- 
portion of  the  weight  of  copper  to  the  weight  of  iron  is  corre- 
spondingly high. 

III.  Alternators.  -(1)  The  Lowrie- Parker  alternator^  of  which 
a  general   view  is  given  in  fig.  173,   owes  its  title  to  its  joint 

'  Milton  Thompson,  'A  Sturly  of  an  Open-coil  .Kk  Dynamo,'  reprinted  in 
the  Ebdriial  Rrritw,  June  t>),  1S91. 
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orporation,  Liniited,  of  Wolverhampton.     It  l>elongs 

represented  in  fig.  73,  with  a  drum-wound  stationary 

in  which  revolves  the  field-magnet  system  :    the 

by  a  numljer  of  magnet-cores  mounted  radially  on 

"yoke-ring,  and  presenting  a  series  of  pole-faces,  alter- 

and   S.,   to   the   internal   surface   of    the   cylindrical 

Bre.    The  construction  is  more  clearly  seen  in  fig.  1 74, 

in  outline  a  side  and  end  elevation  of  a  loo-kilo- 

itor,  giving  2,000  volts  and  50  ampferes  at  400  revohi- 

linute.     On  a  shaft  of  mild  steel,  6"  in  diameter,  is 

itst-iron  wheel,  the  spokes  of  which  are  united  by  a  solid 

Id  steel  shrunk  on.     To  this  are  bolted  a  number  of  soft 

ton  magnet-cores,  on  each  of  which  is  slipped  a  sheet- 

bf  carrying  an  exciting  coil.     Ekich  magnet-core  is  sur- 

by  a  pole-piece,  the  edges  of  which  project  over   the 

oil ;  two  long  bolts  pass  from  the  pole-piece  through  the 

rim  of  the  wheel,  and  are  fastened  hy  nuts  on  the  under 

e  latter.     Both  magnet  and  coil  are  thereby  secured  in 

I  the  stress  due  to  centrifugal  force,  which  is  very  con- 
is   taken   by   the   rim  of  the   wheel  in   a   thoroughly 

II  manner.  In  order  to  obviate  the  loss  of  power 
uld  be  caused  by  the  arms  of  the  wheel  churning  the 
|nds  are  closed  by  thin  plates  of  sheet-iron  screwe 
lier  side  of  the  rim.     The  poles  being  twenty-eight  in 

»of  alternate  sign,  the  periodicity  or  '  frequency  ' 
is i5£  =  93  ~  per  second  when  running  at  its 

ed. 

rmature  core  is  composed  of  segmental  plates  of  thin 
ron,  insulated  by  paper,  and  bolted  between  two  cast- 
rings  having  a  channel  section  ;  to  the  inner  surface 
re  are  fastened  the  twenty-eight  armature  coils.  These 
3  of  thin  copper  tape,  and  are  wound  separately  from  the 
each  on  a  wooden  centre  of  the  same  thickness  as  the 
he  tape  and  rounded  at  its  ends  ;  a  flat  coil  of  rectangular 
1  rounded  ends  is  thus  obtained,  similar  to  those  shown 
1  The  finished  coil  is,  however,  not  truly  flat,  but  is 
mred  to  the  radius  of  the  inner  peii\>Ket^  at  \.Vv&  as'csvi.vwft. 
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core,  and  hence  when  placed  against  the  inside  face  of  the 
it  fits  closely  to  its  cylindrical  surface.  The  coils  are  laid  clo' 
each  other,  and  are  fastened  in  place  by  strips  of  wood  :  the  intern 
surfaces  of  the  cast-iron  end-rings  arc  lined  with  curved  wood 
strips,  and  to  these  are  screwed  other  segmental  strips  outside  the 
line  of  path  of  the  magnet  so  as  to  clamp  down  the  ends  of  the 
coils.  The  axes  of  the  coils  being  radial,  the  edge  of  the  copper 
tape  is  exposed  on  their  flat  surface  facing  the  poles  ;  they  are 
therefore  free  from  any  liability  to  droop  or  sag  inwards,  and  no 
binding-wire  being  required,  the  clearance  between  the  revolving 
poles  and  the  stationary  inductors  can  be  reduced  to  a  minimum. 
The  width  of  the  internal  insulating  piece  in  the  centre  of  each 
coil  is  equal  to  the  width  of  the  pole-piece,  and  both  are  very 
slightly  less  than  half  the  pitch,  the  outside  width  of  each  coil 
being  of  course  equal  to  the  pitch  (cp.  Chap.  VIII.  p.  142).  Not 
only  are  the  coils  well  insulated  from  the  core,  but  the  latter  is 
itself  insulated  from  the  cast-iron  frame  of  the  machine  on  wl 
it  is  carried,  a  double  insulation  being  thus  obtained  between 
armature  circuit  and  earth.  The  whole  armature  ring  is  di 
on  a  central  horizontal  line  so  as  to  allow  of  the  upper  half 
lifted  off  when  it  is  required  to  insert  or  remove  the  field-ma] 
wheel.  Further,  as  the  armature  coils  are  simply  secured  to 
inner  face  of  the  core,  each  can  be  easily  removed  and  rcplat 
They  are  joined  together  in  series,  the  connections  lieing  mai 
the  channels  of  the  end-frames,  and  the  free  ends  of  the  win 
are  brought  to  terminals  mounted  .on  jiorcelain  insulators  :  tl 
being  enclosed  within  the  wood  lagging  which  encases  the  w 
armature,  it  is  impossible  to  accidentally  touch  any  portion  of 
high-tension  circuit.  Small  terminals  are  also  provided  to  e 
^a  voltmeter  or  regulator  to  be  placed  across  one  or  two  of 
mature  coils.  The  magnet-coils  are  joined  in  series,  the 
the  winding  being  brought  to  two  gun-metal  rings  insu 
by  ebonite  washers  from  each  other  and  from  the  shaft  on  wl 
they  are  mounted.  The  brushes  by  which  the  exciting  cum 
(passed  into  the  roiatinj;  field-niagnet%  are  supported  with 
holders  on  two  arms  projecting  from  the  base-plate  :  against 
ringtwolHi  '  '  ur,  either  of  which  is  fully  '' ' 
maximum  .virreuv,  when  the  other  is  . 


DESCRIPTIONS  OF  TYPICAL  DYNAMOS         453 


s  of  adjusting  or  trimming  it.     The  baseplate  is  of  a  strong 
►e,  wcU  ribbed  on  the  under  surface  :  on  it  are  two  planed 

to  which  the  armature  frame  is  bolted.     The  bearings  are 

>  inches  long,  with  brasses  of  phosphor  bronze  or  lined 
lite  metal  ;  each  end  of  the  bearing  is  provided  with  an  oil 

and  an  oil-chamber,  from  which  the  waste  oil  is  conducted 
iks  in  the  base-plate  of  the  machine.  The  exciter  is  driven 
alternator  shaft  by  a  ])ulley  grooved  for  four  ropes,  |  inch 
sr :  it  runs  at  a  speed  of  800  revolutions  per  minute,  the 
necessary  for  exciuition  at  full  load  being  3,250  watts.  The 
ttt  is  itself  driven  by  j  second  and  larger  pulley  grooved  for 
opes,  r  !i  inch  diameter.  The  total  weight  of  the  alternator  is 
i  cwt.,  and  that  of  the  exciter  15  cwt.,  the  over-all  efficiency  of 
ibination  being  about  87  percent,  at  full  load.    Anoteworthy 

of  these  machines  is  that  they  are  able  to  work  in  parallel, 
I  so  worked  in  practice  in  at  least  three  central  stations. 
77u   Jlopkinum   alUrnator  (fig.     175),    manufactured    by 

Mather  and  Plait,  may  be  described  as  the  inverse  of  the 
s  machine,  since  in  the  present  case  the  field-magnet  system 
>nary  and  external  to  a  revolving  drum  wound  armature, 
istration  shows  a  30-kilowatt  machine,  giving  an  output  of 
►feres  at  1,000  volts  when  running  at  800  revolutions  per 
The  radial  magnet-poles,  alternately  N.  and  S.,  are 

in  number,  whence  it  follows  that  the  frequency  is 
er  second  :  they  are  of  wrought  iron,  screwed  to  a  massive 
m  yoke-ring  which  is  bolted  to  the  bedplate.  Any  magnet- 
u  be  removed  or  replaced  without  disturbing  the  remainder 
ng  out  the  annalure.  The  width  of  each  pole-face  is  as 
IS  three-fourths  of  the  pitch,  or  even  more,  this  large  width 
►ermissible  owing  to  the  fact  that  the  armature  coils  are  not 
upon  the  surface  of  a  cylindrical  core,  but  are  wound 
iort  teeth  of  laminated  iron  :  these  project  radially  from 
lature  core  and  take  the  place  of  the  wooden  centres  men- 
in  connection  with  the  coils  of  the  last-described  machine, 
coils  are  nearly  as  deep  radially  as  the  iron  projections, 
th  of  the  winding  for  a  given  number  of  turns  is  much  less 

the  coil  were  wound  in  a  single  flat  layer.  The  artnatu^t 
kd  plates  are  held  by  liolts  passmg  X^mou^  \.>NO>^Miy  >^\ax«&' 
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keyed  on  to  the  shad,  and  these  end-plates  are  furnished 
numerous  openings  to  allow  of  free  ventilation  of  the  interior 
the  core.  Any  section  of  the  armature  can  be  removed  witha 
interfering  with  the  rest.  The  armature  resistance  is  55  ohn^ 
and  that  of  the  magnet -coils  2  ohms.  The  field  is  excited  in  the. 
machine  illustrated  by  a  '  Manchester '  dynamo  carried  on  ; 
bracket  bolted  to  the  bedplate,  and  with  its  armature  slwft  couplJ 
directly  to  the  alternator  shaft.  At  full  load  the  necessary  excitil 
current  is  2 1  amperes,  requiring  an  expenditure  of  about  900  walt^ 
or  3  per  cent,  of  the  output. 

(3)  Tht  Kapp  alternator. — A  perspective  view  of  this  altenul 
is  given  in  fig.  1 76,  from  which  it  will  be  seen  that  il   is  of 
type  shown  diagrammatically  in  fig.   74  with  discoidal-ring 
turc  and  divided  magnetic  circuit,  opposite  poles  being   of  l| 
same  sign.     The  machine  illustrated  is  manufactured  by  Me 
Johnson  and  Phillips,  and  has  an  output  of  2,000  volts  and 
amperes,  or  30  kilowatts,  at  asp>eed  of  750  revolutions  perminuti 
since  there  arc  twelve  poles  of  alternate  sign  on  each  side  of 

the  periodicity  or  '  frequency  ' 


armature,  tne  penodicity  or  ■  irequency '  is  '-^     —-=75  -  po 

120 

second.    The  armature  core  is  of  soft-iron  strip,  2^"  wide 

025"  thick,  coiled  together  with  an  insulating  band  of  thin  pap 

on  a  cast-iron  wheel,  the  hub  of  which  is  firmly  fixed  to  ihe 

by  a  feather  and  nuts  at  each  end.     It  is  wound  with  mrelve  cotb 

of  double-cotton  covered  wire,  "072"  diameter  when  bare,  each 

coil  containing  100  turns  in  two  layers.      Beneath  the  coib  the 

core  is  very  carefully  insulated  with  mica  and  thin  sheets  of  ebon 

ite,  while  a  rounded  rim  of  hard-wood  fitted  in  segment^t  to 

external  periphery  of  the  core  provides  a  good  sur&ce  over  wfei 

to  bend  the  armature  wires.     The  wood  segments  are  held 

place  by  bolts  which  pass  radially  through  the  centre  of  the  c 

into  the  cast-iron  foundation-ring,  and  the  whole  is  further  boaod 

together  by  steel  pianoforte  wire  wound  in  acircumferer"-'  —  ■- 

formed  in  the  wood.     The  number  of  amis  in  the  cast 

is  half  the  numlier  of  poles,  so  that  two  ■  led  by  a  {ifo^ect' 

ing  |>artition  arc  wound  in  the  sijace  I  .n  pair  of 

The  arms  and  projections  are  well  insubted  witlt  ebooite 

and  act  a«  drivers  10  Oat  xuAvicxot^,  -wVSwt  tscv  <6fc  «aNw  -^low)! 


on 
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the  shouId«*rs  on  the  wood  bt-lwet-n  which  each  coil  is  wound 
serve  the  same  purpose.  The  radial  depth  of  the  core  is  8",  and, 
the  rim  of  tlic  foundation-ring  being  28"  m  diameter,  the  finished 
armature  has  an  overall  diameter  of,  approximately,  3'  —  10",  The 
construction  of  the   armature  and   the  excellent  frictional  grip 


—  The  Kiipp  dlienirttu 

which  the  wiiidinj,'  i)0sscsses  enable  it  to  be  driven  with  safety  at 
the  hiyh  peripheral  speed  of  nearly  9,000  feet  per  minute. 

In  this  machine  all  the  coils  are  connected  in  Meries,  though 
in  others,  where  tiie  current  is  greater,  and  it  is  advisable  to  spUt 
up  the  armature  conductor  in  order  to  avoid  eddy-currents,  the 
coils  are  connected  in  two  or  more  i»Ta\\e\s.    .\^'»i\\\\ia?*.'CTv^\wcw' 
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the  illustration,  the  width  of  each  armature  coil  is  nearly  ojua! 
the  mean  distance  between  any  pair  of  coils,  while  the  width 
the  magnet  pole-pieces  is  slightly  less,  the  reduction  in  this  lati 
case  being  an  allowance  for  the  fringe  of  lines  which  surrour 
the  edges  of  the  pole-piece  when  magnetised.     The  two  ends  I 
the  armature  winding  are  brought  to  two  gun-metal  rings,  mound 
on,  but  insulated  from,  the  shaft  :  these  are  placed  one  on  eitlj 
side  of  tlie  armature  and  well  inside  the  magnet  frame,  so 
may  be  impossible  for  a  person  to  accidentally  tu'! 
at  the  same  lime.     Two  brushes  bear  on  the  vurli'  f 

collecting  ring,  and  from  them  the  current  is  led  to  the  tcnnii 
which  are  placed  under  the  bearings. 

The  magnet-cores,  which  are  forged  in  one  with  tlvHf 
angular  pole-pieces,  are  of  wroughtiron  ^\  in.  di 

fastened  by  screws  to  the  cast-iron  yoke-rings.     '1 1 ..  v:^ 

pieces,  bolted  together,  the  top  halves  together  with  (heir  magnfl 
being  removable  in  order  to  facilitate  access  to  tli'  "V^l 

some  machines  the  magnet-poles  on  each  side  •'>  (^^H 

are  let  into  a  circular  sheet  of  thin  brass  :  thus  a  smooth  surfifl 
is  presented  to  the  revolving  armature,  with  the  result  of  C4M 
siderably  lessening  the  humming  noise  of  the  machine  whcB^I 
work.     The  field-coils  are  connected  in  series,  aiv'  '41^1 

excited  at  too  volts  :  each  uin  be  slipped  off  it-^  '  4^1 

latter  is  detached  from  the  yoke-ring.    The  resistance  of  ^^| 
armature  is  54  ohms,  and  the  excitation  required  at  fulJ  load  ™ 
S45  watts  ;  the  total  weight  of  the  machine  is  44  cwts.,  and  tbc 
floor-space  required  is  5'  — 3"  x6'— 6"  fl 

(4)  Tlu  Ftrranti  alternator,  illustrated  in  figs.  177  and  l^| 
has  attained  a  widespread  fame,  not  only  from  the  fact  that  ^H 
largest  alternators  in  the  world,  viz.  the  two  i,i-  lX)«iifl 

io,ooo-voIt    machines   at    the    Deptlord   Central    ;  M^fl 

station,  were  designed  by  Mr.  S.  Z.  de  I-crtanti,  Inn  also  ifl 
reason  of  the  great  inventive  ingenuity  which  is  displayed  inj|^| 
detail  of  the  machine's  construction.  It  1%  at  the  disd^^^| 
represented  in   fig.  75,  with  .in  armatui'  "'^^1 

narrow  width  revolving   between  two  cn  flj^^ 

latter  on  any  one  side  of  tJie  anuacure  arc  attcrnately  N.  and  ^| 
bat  in   sharp  disiinci\oi\  vo   xVvt   «\\«:<3\Aa:.vi.t\%,  'Ammxatm  hfl 
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flow  directly  across  and  through  the  armature  from  jjole  16 
thus  forming  a  series  of  fields  of  alternate  ditectiun. 

The  field-magnet  system  consists  of  a  number  of  wroughl-ii 
magnet-cores   set   in   a   supporting   framework   formed    by 
massive  cast-iron  yoke-rings.      Eacli  of  these   is  divided  oi 
vertical  diameter  into  two  halves,  which  aic  cast  m 
union  of  the  cores  to  the  yoke  is  effected  in  the  s     .  naai 

by  casting  the  yoke  on   to  them  ;  half  the  number  of 
cores  that  go  to  form  one  complete  crown  axe  set   up  in 
mould,  and  the  cast  iron  is  run  in  round   ihcm   to  form  n   tul; 
yoke-ring.     On  the  magnet-cores  are  wedged  the  forni< 

the  exciting  coils.    Curved  arms  springing  out  from  th--  :  ,  <^ 

ring  form  arches  external  to  the  magnets,  and  arc  united  at  tlifl 
ends  into  a  semicircular  ring.     When  two  surh  !■."  ^lottH 

together  side  by  side,  they  form  one-half  of  the  c.  '•'^gfll 

frame  ;  the  distance  l)etween  the  op|K>sing  polc-tacc&  of  ^| 
magnets  then  only  slightly  exceeds  the  width  of  the  arri-— -  ■ 
as  to  allow  of  a  small  mechanical  clearance  on  cither  III 

latter  when  it  rotates,  and  this  diitlance  is  pit-fr\. .;  .  !M 
meeting  midway  of  the  central  rings  through  which  i!ic  i  •  ■inn.<  'iM 
bolts  pass.  I'he  planed  base  of  the  lialf-framc  which  is  thus  oH 
tainedrcstson  a  planedfacingof  thccast-iron  ti'  'r'--       '  '  i.^ 

it  is  free  to  move  endways,  but  not  sideways.  'I :  J 

is  similarly  formed,  and  the  two  are  slid  together  un  '^jil^l 

a  vertical  diameter,  and  enclose  the  armature  bei'^^ '^^^H^l 

complete  frame  being  finally  secured  by  bolts  and  fixed  in  poait^l 
by  steadying  pins  which  drop  into  the  bedplate.     1 '  ^k 

exposed  for  inspection  by  the  reverse  of)cration  ui  _iA 

two  halves  of  the  field  magnet  frame.  In  the  smaller  machin4|HH 
is  formed  at  the  back  of  each  field-magnet  quarter  in  an  cx^^^H 
projecting  from  the  cast  iron  t)cdplate,  and  levers  pivoted  ^^^| 
which  fit  into  holes  in  the  niagnrt  franii-scna'''  -^^^1 

Ik-  conveniently  done  by  manual  {towcT.     In  n^^H 

frame  of  fig.  1 77  has  been  racked  back,  and  the  illi  <^^H 

shows  the  hand  levers  and  rack-work,  t.  ^^^H 

armature.     In  nhernatont  of  larger  siic'i  '(^^H 

by  acrcw-  or  chain-gear  worked  by  a  -  ^^^^1 

The    steel    atniAture    sVxa^V    V%    '  l^^^l 


* 
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ings  liiK-d  with  while  inelal,  one  on  either  side  of  the  driving 
-pulley  :  overhanging  ijie  one  end  of  the  shaft,'and  outside  the 
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bearing  is  the  armature  itself,  while  to  the  other  end  of  the 
is  coupled  the  armature  of  the  exciter.     The  bearings  are  i 
by  massive  standards  cast  in  one  with  the  bedplate,  and  a  bracll 
projecting  from  the  outer  standard  carries  the  double  horsesh 
field-magnet  of  the  exciter  (fig.  177).    The  system  of  lubricac 
has  been  most  carefully  worked  out :  the  oil  is  forced  froml 
reservoir  placed  at  some  height  above  the  level  of  the  shaft  to 
underside  of  all  the  bearings,  and  when  spent  is  (Missed  by  1 
throwers  into  a  tank,  whence   it   is   again  pumped  up  into 
reservoir  by  a  small  pump  driven  from  the  main  shaft. 

The  construction  of  the  armature  is  in  many  wa>'s  unique. 
The  coils,  of  which  there  are  as  many  as  there  arc  pairs 
opposing  poles,  are  wound  on  laminated  brass  cores,  the  directtd 
of  lamination  l>eing  parallel,  and  not,  as  is  more  usual,  at 
angles,  to  the  inductors.  To  form  the  core,  a  number  of  pu 
of  brass  strip,  each  with  a  central  corrugation  running  up  it, 
taken  and  separated  from  one  another  |jy  slips  of  asbestos 
tapering  :  the  brass  and  asbestos  thus  arranged  are  put  into  | 
hydraulic  press,  and  when  under  great  pressure  .1  '  • 
piece  is  burnt  on  at  one  end,  the  molten  ineial  Lieinu 
and  fusing  with  the  corrugated  strip.  Thus  the  core  is  spht 
a  large  number  of  comb-like  teeth,  and  is  egg-shaped  in  fo 
owing  to  the  asbestos  strips  gradually  becoming  thicker  towj 
the  outer  ends  of  the  teeth.  When  placed  in  position  on 
armature,  with  its  small  end  towards  the  shaft,  the  radial  tceih  1 
the  core  have  E.M.F.'s  induced  in  them  up  or  down  their  length ; 
but  owing  to  their  l>eing  insulated  from  one  another  sare  at  tbev 
inner  ends,  no  circuit  is  formed  by  which  a  current  may  posBfiaoi 
one  luoih  into  the  next  and  hack  again  ;  eddy-currents  caiUKM. 
therefore,  (low  save  within  the  limits  of  the  several  teeth, 
these  being  narrow,  the  loss  of  power  and  the  heating  from  odd 
become  unimportant. 

On  the  laminated  core  is  wound  a  narrow  hare  copper  strip 
central  corrugation  being  impressed  upon  it  in  the  p 
winding,  to  prevent  one  layer  from'slipping  over  another  ;  in  l 
the  whole  bobbin  is  locked  sideways  by  the  corrtigation,  -so  til 
cannot  bccomi-  distorted  out  of  its  tlat  shape, 
coppf-r  is  separated  itom  \.\At  wtxv  Vi'^  1.  >>.\vcv  Vs^v 


fibre,  which  is  wound  on  at  the  same  time.  The  inside  end  of  the 
copper  strip  is  brazed  on  to  the  solid  end  of  the  brass  core.  The 
completed  bobbins  are  mounted  in  pairs  in  a  forked  gun- metal 
bobbin-holder,  and  are  secured  in  place  by  means  of  screws  which 
pass  through  the  eye-holes  cast  in  the  solid  ends  of  each  core : 
thus  the  holder  serves  to  connect  the  two  inside  ends  of  a  pair  of 
coils.  The  holder  is  itself  lined  with  fibre,  and  between  the  two 
coils  in  the  same  holder,  where  the  maximum  diflference  of 
potential  occurs,  is  interpwsed  an  insulating  strip  of  ebonite. 
Where  the  two  coils  in  adjacent  holders  touch  each  other,  the 
two  outer  ends  of  their  windings  are  brazed  together  (cp.  fig.  75 
and  p.  142).  The  bobbin-holders,  furnished  with  their  bobbins, 
are  mounted  on  a  gun-metal  disc  keyed  on  to  the  shaft.  The  rim  of 
this  disc  is  cast  with  holes  through  it  ;  the  shank  of  the  bobbin- 
holder,  protected  by  a  porcelain  ferrule,  is  passed  through  one  of 
the  holes,  and  is  secured  by  a  nut  and  pin.  Between  the  nut  and 
the  sides  of  the  cavity  in  the  driving  ring  there  is  a  clearance 
spiace  all  round  of  at  least  half  an  inch,  and  into  this  is  run  a 
sulphur  cement  which  completely  in.sulatcs  the  bobbin-holder  and 
its  nut  from  the  ring,  while  at  the  same  time  holding  it  mechani- 
cally firm.  The  removal  of  a  bobbin  for  examination  or  repair 
is  simple,  all  that  is  required  i)eing  to  undo  the  screws  connect- 
ing it,  and  the  adjacent  one,  to  their  respective  bobbin-holders  ; 
the  two  can  then  be  lifted  out,  and,  when  replaced,  connection  is 
at  once  made  by  the  operation  of  screwing  them  to  their  holders. 
For  purposes  of  ventilation  a  small  curved  blade  or  wing  is 
attached  to  each  side  of  a  bobbin-holder,  as  seen  in  fig.  1 78. 

The  armature  coils  are  usually  connected  in  two  parallels,  as 
in  fig,  75  ;  at  opposite  ends  of  a  diameter,  insulated  copper  rods 
pass  downwards  into  the  main  shaft,  and  thence  along  the  inside 
of  the  hollow  shaft  to  collecting  rings.  Each  collector  is  formed 
of  two  half-rings  of  brass,  pressed  together  by  springs  :  between 
the  brass  and  the  ring  is  interposed  blacklead,  which  is  at  once  a 
lubricant  and  an  electrical  conductor.  Both  terminals  are  entirely 
i-iK  losed  in  a  glass  box,  supported  on  a  cast-iron  bracket,  as  seen 
III  fig.  178. 

Our  illustrations  show  a  150  H.P.,  or  1 12  kw.,  machine,  giving 
|)ii('r(.'S  at  ^^^e^^^^^^^^^^jUvOTv^ 
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ince  the  coil  revolves  with  the  ntuignet,  it  is  nccecMry     

jbbing-contacts  to  pass  the  low-tension  exciting  inirrcm  (ntc 
of  the  field-witiding  :  accordingly,  two  (junnirial  rnWd 
(seen  to  the  right  of  the  magnet  in  fig<«,  it^  Nitd  iKi 
side  by  side  on  the  *haft,  from  whii  It,  tt»  wrll  •• 
tier,  they  are  insulated   liy  rlxmiii-,  iiiid   Hgni 
irushes  arc  seen  to  he  |iro&tcd  in  fig,  iKj,  oac 
...t.  ucing  iirovided  with  a  [)aii  fur  gmler  u'ntiiiy 
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latest  machines,  however,  connection  is  made  with  the  exciter] 
means  of  two  flexible  hands  of  folded  copper  gauze,  which 
over  the  two  rings  and  are  pressed  against  them  by  weights 
their  ends.     At  the  right-hand  end  of  the  shaft,  in  fig.  171),  tin 
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side.  The  shaft  is  supported  by  two  cast  gun-metal  plummer- 
blocks,  «nth  bearing  surfaces  lined  with  white  metal ;  the  use  of 
gun-metal  for  the  entire  plummer-block  is  needed  in  order  to 
prevent  magnetic  leakage,  since,  if  cast  iron  were  employed,  there 
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FlC.  181.— Ann&lurc  of  Mordcy  alternator  <back  view). 

would  be  a  comparatively  large  flow  of  lines  along  the  shaft,  down 
through  one  bearing  into  the  bedplate,  and  returning  through  the 
second  bearing  into  the  shaft. 

The  magnet  of  fig.   179  forms  part  of  a  37^  kw.  machine, 
giving  2,000  volts  and  18J  ampferes  at  660  tevo\u\.\OTv^  -^w  TOCTMive, 

WW. 
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and  figs.  i8o  and  iSt  show  the  two  sides  of  the  latest  form" 
armature  for  this  same  machine ;  since  there  arc  nine  interpolar 
fields,  and  the  winding  is  di\nded  into  1 8  coils,  the  '  fre.: 
of  the   machine    is   thus    too    ~   per  second  (p.   164). 
stationary,  the  armature  has  merely  to  resist  the  tangential  pull 
on  its  inductors  due  to  the  magnetic  field,  and  is  not  subjected  to 
any  stresses  from  centrifugal  force.     The  armature  coils  arc  formed 
by  winding  a  thin  copper  tape,  [',[ "  wide,  on  an  ovate  core,  the 
turns  being  separated  by  a  very  thin  band  of  fibre  wound  on  il 
the  same  time.     The  cores  are  of  porcelain,  a  material  which  not 
only  possesses  the  requisite  mechanical  strength,  and  is  a  good 
insulator,  but,  further,  is  entirely  free  from  the  hysteresis  and  eddy- 
currents  which  are  inseparable  from  an  iron  core.     Each  coil  is 
mounted  at  its  broad  end  between  two  German-silver  plates,  liuc^ 
with  ebonite,  and  these  are  bolted  to  the  inner  face  of  a  circii^| 
gun-metal  ring  which  forms  the  external  support  of  the  tn^| 
annature.     All  the  metal  work  is  outside  the  path  swept  by  ^H 
dense  interpolar  fields  ;  eddy-currents  arc,  however,  liable  to^| 
set  up  in  the  bobbin-holders  by  straying  lines,  and  hence  Geni^| 
silver  is  employed  in  their  construction,  the  high  electrical  rcs^l 
ance  of  this   metal  sufficing  to  reduce  the  loss  from  eddiea^l 
a   very   small   amount.      The  non-magnetic  gun-metal  ring  ^| 
viates   the  greater  magnetic  leakage,  and   the  coTre$poni!in^| 
greater  eddy-current  loss,  which  would  be  occasioned  were  i^| 
employed.  ^| 

The  tapering  shape  of  the  coils  is  such  that  when  the  cn^| 
number  are  assembled  they  fit  tightly  together  like  the  wed^| 
shaped  stones  of  an  arch.  The  bolt-holes  through  the  Ixiht^H 
are  oblong  in  shape,  with  their  longer  axis  radial  ;  hcnc^^^H 
the  winding  becomes  compressed  by  the  working  !itres«,^^^^^| 
attached  to  each  coil  enable  them  to  be  individually  thrust  inwa^| 
towards  the  centre  until  all  are  again  wedged  tightly  togcttj^l 
The  connections  of  the  coils  to  one  another  are  made  l>y  «lM^| 
lengths  of  insulated  wirt  passing  through  the  Gcnnan-sih^ 
bobbin-holders,  and  protected  by  porcelain  insulato>rs,  as  stfH 
in  fig.  180  ;  the  ends  of  the  winding  are  led  to  two  ae^| 
terminals,  placed  on  the  outside  of  the  armature  riii|^  and  c4^| 
fully  insulated  by  the  hard  wood  blocks  in  which  tbty  ttc^H 
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idded.     The  annalure  frame  is  cast  in  two  pieces  and  bolted 
gether  at  the  top  and  bottom,  while  a  pair  of  curved  arms 
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ring  is  rigidly  boiled  to  the  cast-iron  bedplate.  A  foot  withgiudes 
is  also  provided  as  an  extension  to  the  bedplate  in  a  line 
with  the  armature,  and  on  to  this  the  half  of  the  armature  can 
be  slid  outwards  for  inspection.  Each  coil  with  its  holder 
being  complete  in  itself,  any  one  can  be  easily  removed  and 
replaced. 

Fig,  182  shows  a  perspective  view  of  a  75-kw.  alternator  com. 
plete  with  grooved  pulley  for  rope-driving  :  it  has  1  a  poles 
24  armature  coils,  and  at  a  speed  of  500  revs,  per  min.  giv 
2,000  volts  and  37's  amperes  with  a  frequency  of  100  ~  per  sec 
The  exciter  is  in  this  case  a  small  continuous-current  V'ictoria 
machine,  carried  on  a  bracket  projecting  from  the  bedplate  and 
driven  directly  from  the  alternator  shaft :  it  supplies  an  excitat 
of  17^  ampferes  at  65  volts,  or  1,140  watts. 

A  striking  feature  of  this  alternator,  as  compared  with  raulu- 
polar  machines,  is  the  economy  with  which  the  field  1 
especially  in  small  sizes  :  thus  the  37^-kw.  machine  r., 
watts,  or  I  •33  per  cent,  of  the  output,  for  e.vcitation  of  the  : 
at  full  load,  and  400  watts  at  no  load.     These  figures  arc  take 
from  a  paper  read  Mr.  Mordey  before  the   Institution  nf 

Electrical  Engineers,'  and  it  is  there  stated  that  3  H.P.  is  n. 
to  drive  the  machine  at  full  speed  with  full  E.M.F.,  but  noc.\:^...-. 
load,  and  that  of  this,  rs  H.P.  is  absorbed  in  eddies  set  up  in  the 
armature  inductors  and  their  supporting  metal- work,  the  rem 
15  H.P.  being  absorbed  by  ordinary  mechanical  friction 
bearings,  &c, 

The  remarkable  smallness  of  these  losses,  which   i> 
ascribed  to  the  absence  of  iron  in  the  armature  and  the  perfectly 
steady  flow  of   the   field-lines,  renders   the   machine   extrcmdf 
efficient  at  light  loads — an  important  matter  in  central-iutiun 
work,  where  one  machine  at  least  is  usually  running  liglitly  ! 
for  several  hours  during  the  daytime.     Assuming  tlut  the  c^^a-i 
loss  is  the  same  at  full  load  as  at  no  load  (in  reality  it  is  |irobabl} 

^  JturtutI /nsl.  £lti:  Eng.  vol.  xviii.  (MX  8t,  I889,  a  paper  which  caouiM 
much  useful   information  on  the  subject  uf  allernatc-cuttcnl  workisf,  1 
its  chief  pointi  being  a  description  of  tettt  mi>ie  willi  two  j7^kw.  nuc 
and  demoDitmini;  their  power  of  working  in  poMllet  on  m  motuf 
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iomewhat  greater),  we  can  thence  deduce  the  commercial  efficiency 
IS  follows  : — 

Mechanical  friction       .        .1,120 

Eddy.currents       .        .        .1,120 

Annature  resistance      .        .      875 

Excitation    ....      500 

3.6>S 

Commercial  efficiency= 2Z»5 —      =qi  per  cent.' 

37.500 +  3.<5  IS 

In  recent  alternators  of  250-kw.  output  at  300  revs,  per  min., 

I  commercial  efficiency  of  93  per  cent,  is  guaranteed. 

'  This  calculation  does  not,  of  course,  include  the  losses  in  the  exciter  itself, 
which  might  be  an  additional  500  watts  :  taking  this  into  account  the  over-all 
;fficiency  of  alternator  and  exciter  works  out  to  about  90  per  cent. 
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CHAPTER    XX 

DYNAMO     DESIGNING 


The  various  parts  of  the  dynamo  having  now  been  conside 
in  detail,  our  results  may  be  summed  up  in  the  complete  desi| 
of  a  machine.  The  practical  art  of  designing  resolves  itself  in 
a  question  of  striking  a  balance  between  a  variety  of  conflic 
considerations,  all  of  which  are  of  importance  in  different  dqgr 
and  each  of  which  will  vitally  affect  the  entire  design  of  i 
machine.  Thus  a  dynamo  must  be  efficient,  yet  at  the  saiM  I 
it  must  not  be  too  costly  to  manufacture  ;  it  must  be  comp 
yet  well  ventilated  ;  thoroughly  strong,  yet  not  too  heavy, 
one  feature,  however  desirable  in  itself,  will,  if  carried  to  e 
have  some  disadvantageous  consequence  in  another  direction,  j 
he  is  the  best  designer  who  can  effect  a  series  of  corapromis 
such  that,  while  each  consideration  is  given  its  proper  weight,  i 
are  forced  into  undue  prominence,  and  the  completed  design  is 
in  a  well-balanced  and  harmonious  whole. 

Since  the  dynamo  is  primarily  a  generator  of  electric  pmsn 
the  first  consideration  must  be  the  production  of  the  rcqu 
volts.     This,   being  a  question  of  the  rate  of  cultmg  lines, ' 
depend  on  the  speed,  the  number  of  inductors,  and  the  numbe 
lines  passing  through  the  armature.     In  the  majority  if 
a  given  output,  the  speed  may  be  taken  as  fixed  :  ^ 
directly  specified,  or  it  is  to  a  great  extent  settled  by 
practice  or  questions  of  mechanical  strength  and  Ji;-  ■'■'•■■■ 
to  take  the  case  of  an  ordinary  continunus-cuucni 
it  will  be  l)clt-driven,  or  it  will  be  engine-driven.     Iri  ilic 
case  it  will  usually  fall  into  one  or  other  of  two  scriL-s.  ru:u 
comparison  be  regarded  i 


and  low.     In  the  \ait«  case  Ws  %yi«A  to*}  •a^^ 
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high  or  low,  according  as  the  engine  is  of  the  single-acting  class, 
of  which  Messrs.  Willans  and  Robinson's  central-valve  engine  is 
the  most  prominent  example,  or  of  the  double-acting  class,  which 
is  so  largely  used  for  ship-lighting.  Hence,  although  makers  vary 
considerably  in  the  speeds  which  they  select  for  different  outputs, 
yet  there  is  sufficient  agreement  to  enable  us  to  draw  up  a  table 
giving  average  values  for  the  speeds  of  the  different  classes. 


Ootpui 

Id 
fcilawitu 

Speed  in  revs,  per  min. 

Bek-drircn 

Eogine^Jriren 

High 

Iaw 

Single -w:tiDK 

Double-acCing 

'■5 

1,500 

850 

700 

IS.iii 

s 

1,200 

750 

600 

10 

I.OOO 

700 

ly^ 

z  ^ 

«5 

900 

650 

S20 

20 

800 

600 

500 

320             .g 

30 

700 

500 

475 

320              |« 

40 

600 

450 

450 

300      •        |» 

250     §8 
200    ^ 

SO 

550 

400 

400 

100 

400 

375 

Suppose  that  it  is  desired  to  design  a  machine  to  give  130  volts 
and  62  amperes  when  running  at  a  speed  of  800  revs,  per  min., 
and  charging  accumulators  ;  to  be  further  capable  of  lighting 
Lamps  directly,  and  in  this  case  to  give  100  volts  at  840  revs,  when 
but  few  lamps  are  on,  and  to  compound  up  to  105  volts  at  810 
revs.,  when  the  current  rises  to  60  amperes,  and  all  the  lamps  are 
burning  :  a  machine  designed  to  comply  with  these  several  con- 
ditions will  introduce  to  us  several  of  the  nicer  problems  of  the 
art,  since  it  will  have  to  be  arrajiged  with  a  shunt  field-winding 
capable  of  giving  the  full  voltage  of  130  volts  at  800  revs.,  with  a 
resistance  in  the  shunt  to  lower  the  voltage  at  the  no-load  speed, 
tnd  with  a  series-winding  to  make  the  machine  compound 
t)etween  the  hmits  of  o  ampferes,  840  revs.,  and  60  amperes, 
Bio  revs. 

For  such  an  output  a  2-pole  ring-  or  drum-wound  machine 
would  generally  be  used  ;  the  exact  type  will  depend  on  the 
class  of  machine  constructed  by  the  maker,  but  we  will  here 
assume  iliat  a  2-pole  ring  armature  with  over-type  horseshoe  field 
has  been  derided  upon  (fig.  2). 
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The  determination  of  the  best  diameter  and  length  of  armatui 
core,  without  reference  to  other  designs  or  machines  prexiousl 
built,  can  only  be  effected  by  a  method  of  trial  and  error, 
speed  being  fixed,  the  peripheral  velocity  which  is  u%uall; 
regarded  as  permissible  in  the  type  of  machine  gives  a  rough  m 
of  a  reasonable  diameter  of  core  ;  although,  as  a  matter  of  iai 
the  speed  has  in  the  first  instance  become  more  or  less  settled 
the  peripheral  velocity  which  results  iVoni  the  diameter  of  c 
that  is  usually  employed  in  ordinary  machines.  Assuming,  the 
a  certain  diameter  of  core,  d,  we  can  estimate  the  radial 
which  the  core  discs  would  normally  have,  e.g.  in  a  ring  armatui 
about  190  (p.  258),  and  adopting  an  average  length  of 
say  I  or  1^  times  d,  we  can  calculate  the  net  cross-s«ctii 
area  of  iron  in  the  two  sides  of  the  ring,  i.e.  2ab  (cp.  p.  : 
Taking  a  normal  value  of  B,„  we  thus  arrive  at  z,  =  B^  x  tab, 
thence  the  requisite  value  of  t  for  the  given  speed  follows 
necessity.  Dividing  the  available  circumference  of  the  armal 
by  T,  we  find  the  size  of  wire  that  can  be  employed,  and  can 
roughly  calculate  the  resistance  of  the  armature  from  brush 
brush  ;  the  question  of  one  or  more  layers  on  the  outside, 
allowed  by  the  air-gap,  and  of  room  on  the  inside,  must  also 
considered.  At  this  [Xjint  the  full-load  current  is  a  decisive  fact 
the  output  of  any  continuous-current  dynamo  being  limited  by 
two  considerations  of  heating  and  sparking,  either  or  lx)th. 
therefore,  we  find  either  the  total  watts  lost  in  the  armature  or  tl 
ampere-stream  too  great,  the  only  course  open  to  us  is  to  increase 
either  the  length  or  diameter  of  core,  or  both,  the  value  <i  z 
being  increased,  and  the  value  of  t  being  proportionately  reduced. 
By  a  series  of  trials  we  arrive  at  such  a  mutual  relation  l>ct»ecn 
T  and  z„  as  will  give  a  suitable  si^e  of  armature  and  a  winding 
practicable  nature  which  will  not  overheat  or  give  rise  to  sparki: 
In  thus  determining  the  size  of  armature  core  from  first  principl 
consideraljle  latitude  may  be  permitted  to  the  judgment 
I  discretion  of  the  designer  ;  for  within  certain  limits  the  rclatiofi 
1  between  D  and  u  may  be  varied  without  greatly  affecting  the  c«l 
or  efficiency  of  tlie  machine,  although,  as  a  general  rule,  as  stnall 
a  diameter  as  is  practicable  is  to  b-  '      t      ' 

office  of  a  dynamo  tnanuUc\w«;T,  v  '^^^ 


recn 
:inH 
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cases  quickly  arrived  at  by  reference  to  a  list  of  standard  armatures, 
or  at  least  of  standard  diameters  of  core-discs,  from  whicii  arma- 
tures of  different  lengths  may  be  built  up.  After  constructing  a 
number  of  machines,  a  maker  is  able  to  draw  out  a  table  showing 

the  maximum  value  which  the  quantity  — ''— has  for   each 

revs,  per  min. 

of  the  standard  armatures,  and  this  quantity  may  be  taken  as 
the  maximum  number  of  watts  per  revolution  which  can  safely 
be  obtained  in  continuous  working  from  each  armature  under 
average  conditions  of  voltage  and  speed.  If  either  or  both  of 
these  be  exceptionally  high,  or  if  a  particularly  small  rise  of 
temperature  is  alone  permissible,  the  value  which  this  quantity  may 
have  will  be  somewhat  lower  than  would  be  the  case  with  moderate 
voltages  and  speeds  ;  yet  within  wide  limits,  each  size  of  armature 
core  may  be  regarded  as  corresponding  to  a  certain  number  of 
watts  per  revolution,  and  by  the  value  of  this,  its  cost  to  manu- 
facture is  almost  immediately  determined  with  very  fair  accuracy. 
Thus  in  the  present  case  the  designer  would  look  out  in  bis 
table  the  standard   size    of   core    corresponding  most    closely 

to  -'^^  =  lo  watts  per  revolution,  and  we  will  assume  that  this 
800 

leads  him  to  a  ring-wound  core  of  discs  9"  external  diameter,  5J»" 

internal  diameter,  and  12"  long.     The  net  sectional  area  of  iron 

in  such  a  core  after  allowing  for  insulation  between  the  discs  is 

calculated  as  explained  on  p.  296,  and  is  found  to  be  235  sq.  cm. 

A  suitable  induction  in  the  armature  core  will  be  1 8,600  lines  per 

sq.  cm.,  whence  z,.  =  18,600  x  235  =  4,370,000, 

The  loss  of  volts  over  the  armature  will  be  roughly  about  6,  so 

that  E,  =  136  volts ;  and  therefore 


136X60X  lO*  _ 
4,370,000  x8oo 


235- 


Now  for  an  armature  current  of  about  66  amperes  it  will  not  be 
tdvisablcto  have  more  than  three  turns  per  commutator  section,  and 

we  roust  therefore  choose  between  ^  =  77,  involving  a  slightly 

3 


inctesised  induction,  or 


^^  =  78,  with  a  slightly  reduced  vvvdckt.- 


$ 


474 


THE  DYNAMO 


I 

CapMl 


tion.  In  drawing  office  practice  the  number  of  sections  majn 
to  be  arranged  to  suit  a  standard  list  of  commutators,  but. ; 
from  such  a  list,  the  question  only  remains  as  to  the  nurober  of 
sections  which  is  most  suitable,  and  will  not  exceed  the  maximum 
that  is  commercially  practicable  With  ring  armatures,  an  uneven 
number  of  commutator  parts  is  not  to  be  recommended  for  reasons 
deducible  from  p.  387.  When  the  brushes  are  set  exactly  opposit 
to  each  otherona  commutator  having  an  uneven  number  of  segmenfl 
the  coils  at  the  opposite  brushes  are  short-circuited  altematet]| 
first  at  the  positive,  and  then  at  the  negative  brush  ;  then  aga 
at  the  positive  brush,  and  so  on.  Now,  if  it  happens  that  at 
instant  of  short-circuiting  a  large  current  is  set  up  in  the  co 
the  part  of  this  current  which  is  not  balanced  by  the  normal  arma- 
ture current  flowing  in  the  opposite  section  will  tend  to  send  lines 
round  through  the  core ;  the  result  of  this  tendency  is  to  increase 
the  density  of  the  lines  in  the  portion  of  the  core  opposite  to  the 
coil,  and  to  decrease  the  density  in  the  portion  that  it  coven. 
When  the  opposite  section  becomes  in  turn  short-circuited,  a 
similar  action,  but  in  the  reverse  direction,  takes  place,  the  totj 
result  being  the  same  as  though  the  effects  of  an  alternating  currea 

with  a  periodicity  of    .  n  (where  s  is  the  number  of  coinmutaU 


sections,  and  n  the  number  of  revolutions  per  second)  were  1 
imposed  on  the  tnagnetised  core.  Thus  the  number  of 
turns  required  over  the  armature  may  be  appreciably  inc 
as  well  as  the  hysteresis  and  eddy-current  losses  in  the  core.  In 
a  drum  armature  no  such  action  will  take  place,  and  if  anj-thing  an 
uneven  is  better  than  an  even  number  of  commutator  segments. 

Returning  to  the  9"  x  12"  ring  machine,  we  thus  decide  upon 

78  sections  and  234  inductors.     The  size  of  inductor  has  neit  10 

I  be  determined,  and  in  order  to  arrive  at  this,  the  first  step  is  !ti 

[divide  the  available  space  on  the  armature  by  t.     The  extema) 

r  circumference  of  the  discs  is  28-2",  but  at  least  1"  should 

deducted  to  allow  the  winder  a  little  play,  so  that  the 

circumference  is  reduced  to  27-2",  and  the  maximum  width 

each  insulated  inductor,  if  disposed  in  a  single  layer  on  the 

side,  becomes  *^  *  =  ■  1 16".     R^und  wire*  are  ettieraDy  insolaie 

2J4 
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with  a  double-cotton-covering  about  15  mils.  (=  015")  thick,  i.e. 
7^  mils,  a  side,  and  rectangular  wires  of  small  section,  with  about 
ao  to  25  mils.,  although  for  large  siEcs  a  braided  covering  is  often  em- 
ployed, rangingfrom  30  to  40  mils.,  i.e.  1 5  to  20  mils,  a  side.  Wewill 
here  commence  with  a  round  wire,  and  allow  15  mils,  for  insulation, 
whence  the  maximum  diameter  works  out  to  1 16"  —  "ois"  =  'loi". 
This  does  not  happen  to  be  an  exact  size  in  the  S.VV.G.  or 
B.W.G,,  and  although  any  size  can  be  specially  drawn,  it  is  as 
well,  wherever  the  exact  gauge  is  not  of  great  importance  (as  it  is 
in  shunt-windings),  to  adopt  the  next  smallest  stock  or  standard 
size,  since  it  will  be  more  easily  obtainable — in  the  present  case, 
say  No.  13  B.W.G.,  or  '095"  diameter  d.c.c.  to  "iio."  From  the 
dimensions  given  in  fig.  135,  the  mean  length  of  one  complete 
loop  round  the  armature  can  be  estimated  to  be  28J"  =  2*4  ft. 
The  total  length  of  armature  wire  will  be  therefore  2-4  x 234 
=  562  ft :  the  resistance  of  1,000  ft.  of  095  wire  at  60°  F.  is 
I  144  ohms;  and  therefore,  by  p.  256,  the  resistance  of  the 
armature  at  60°  F.  is 

^62X1*144  £  . 

B.  =  ■' ^"  =  "lOi  ohm. 

4  X  1,000 

Assuming  that  the  maximum  temperature  reached  in  con- 
tinuous working  will  be  about  120°  F.,  13  per  cent,  must  be  added 
to  obtain  the  resistance  when  hot,  or  '161  x  113=182  ohm  ;  the 
volts  lost  over  the  armature  will  be  c„R„=i82  x  66=  12,  and  the 
watts  =  1 2  X  66=  792  .  Not  only  is  this  loss  too  great  a  percentage 
from  the  point  of  view  of  efficiency,  but  the  armature  is  too  small 
to  dissipate  the  heat  quickly  enough,  so  that  it  will  become 
seriously  overheated.  It  is  therefore  necessary  to  alter  the  winding, 
and  a  simple  alteration  will  be  to  wind  two  wires,  each  "095"  dia- 
meter, in  parallel  with  each  other,  thereby  halving  the  resistance 
and  the  loss  over  the  armature.  A  length  of  air-gap  of  -^g"  will 
not  be  too  great  in  a  machine  of  our  present  size,  and  will  permit 
of  the  two  layers  being  wound  on  the  outside  ;  but  it  remains  to 
be  seen  whether  there  will  be  sufficient  room  on  the  inside  of  the 
ring  between  the  arms  or  spokes  of  the  gun-metal  hub.  For  9" 
discs  three  driving  arms  will  be  sufficient  (as  shown  in  fig.  2), 
each  \"  wide  immediately  below  the  discs.  A  layer  of  fibre  '^" 
ihick  wi'JJ  \)e  required  on  the  inner  surface  ot  vVve  dSs-ci,  ;».x\.^ 


4 

I 
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either  side  of  the  arms  a  somewhat  thicker  iriMnauon  of  ribre,  mJ 
jV  thick.     Thus  the  width  of  each   insulated  arm   is  |i  '.  an 
their  total  width,  say  2-1",  must  be  deducted  to  obtain  the  a\-ailabl( 
circumference  for  each  inside  layer.     Further,  in  each  of  the  1 
divisions  a  certain  play  must  be  allowed  to  the  winder,  say  •»" 
enable  him  to  accommodate  the  numerous  wires  without  difficult; 
On  working  out  the  available  circumference  for  each  layer,  it 
be  found  that  five  internal  layers  will  be  required,  and  not 
will  it  be  troublesome  to  build  up  six  round  wires  forming  thr 
turns  per  commutator  segment  into  five  layers,  but  the  wind 
Ijecomes  cramped  owing  to  the  inner  layers  approaching  so  i 
to  the  cylindrical  body  of  the  hub  (3]"  diameter).     A  rcct 
wire  will,  however,  pack  more  closely  on  the  inside,  even  thoughl 
requires  a  slightly  thicker  insulation,  and  will  be  more  easy  tobuil 
up  in  two  layers  on  the  outside  ;  if  its  dimensions  be  'tyo"  X"o75i 
its  area  will  be  equal  to  that  of  the  two  round  wires  in  parallel, 
further  question  now  arises  ;  if  wound  flat-wise,  the  width  of  tfe 
rectangular  wire  is  so  great  that  large  eddy-currents  will  be  set  1 
in  each  inductor  (p.  246),  while  to  wind  it  on  edge  will  be  a 
arduous  task,  and  will  probably  end  in  the  insulation  at  the  come 
opening  out  or  becoming  damaged.    The  diflSculty  is,  howcvd 
overcome  if  we  again  have  recourse  to  two  wires  wound  in  panilt^ 
each  being  "085"  square  d.c.c.  to  'lai"  :  the  rectangular  sectio 
will  render  it  easier  to  wind  the  pair  one  above  the  other  on  til 
outside,  while  on  the  inside  each  pair  of  contiguous  sections 
be  built  up  together  in  four  layers,  with  one  turn  dropped  dc 
to  form  a  fifth  layer.     Thus  each  of  the  three  layers  nearett  (t 
core  will  contain  1 1 7  wires,  while  the  fourth  and  fifth  layers 
contain  7S  and  39  resiMJctively.     To  test  this  arrangement,  l«t 
consider  the  third  internal  layer;  its  diameter  will  be  473 
its   available  circumference   i4"8  — (i'«-|--6)=«2'i",  whiU;  "igj 
xii7=i23".      Hence,  at  occasional  intenn'  '\\ 

third  of  ihc  armature,  it  may  be  necessary  to  I 
third  into  the  fourth  layer.    The  distance  of  J"  di\iding  the  in 
most  layer  from  the  body  of  the  hub  may  be  taken  a.s  the  ml: 
which  should  be  allowed.     Owing  to  the  greater  «lcp»h 
winding,  our  value  for  the  mean  length  0? 
/«■  inrri'.ised  to  .'liV"  =.;Af)  tutV.  ■.  ViviX.  xNv: 
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slightly  greater,  and  the  resistance  per  i,ooo  feet  of  the  two  in 
parallel  is  '565  ;  whence 

234  X  2-46  X  -565        -        . 

R„=-^^-'^ -:^-^=-o8i5  ohm, 

4x1,000  ^         ' 

or  when  hot  '092,  giving  a  loss  of  6*05  volts  and  400  watts  at  full 
current. 

Our  original  assumption  of  2„= 4, 3  7  0,000  may  still  be  allowed 
to  stand,  with  its  maximum  induction  of  b„=j8,6oo  ;  thence  from 
the  curve  of  fig.  1 1 2,  the  joules  expended  in  hysteresis  per  cubic 

cm.  per  cycle  are  "00138.     The  cycles  per  second  are  y--^i3'3, 

60 

and  the  cubic  cm.  of  iron  in  the  core  are  6,800.     The  rate  of 

loss  by  hysteresis  in  the  armature  core  is  therefore  (cp.  p.  409) 

•00138X  t3'3  x6,8oo=i25  watts.    The  eddy-current  loss  can  only 

be  estimated  by  referring  to  the  results  obtained  from  previous 

machines,  similarly  constructed  and  wound,  when  tested  by  the 

method  to  he  described  subsequently.     Assuming  it  to  be  325 

watts,  the  total  loss  over  the  armature  is  400+125  +  325=850 

watts.     The  cooUng  surface  calculated  in  the  manner  explained 

on  p,  410  is 

irX9"s  X  J4S  +  2'  ^ — ^-^  =574  square  inches, 


i 


and  therefore  the  rise  of  temperature  of  the  outside  of  the  arma- 
ture 


«raich 


=85  X. 


850 


574x1,980 


=85  X 


850  =63^ 

J>I44 


S74  +  - 

3,000 

Ten  is  as  high  as  is  permissible.  In  practice  it  will  probably 
1)e  slightly  less,  since  at  the  end  of  the  charging  of  the  accumu- 
lators, when  the  highest  voltage  and  strongest  field  are  required, 
the  current  will  fall  slightly,  while  when  lighting  lamps  direct  with 
the  full  current,  the  field  is  weakened  to  reduce  the  voltage,  and 
hence  the  eddy-current  and  hysteresis  losses  are  lessened. 

The  insulation  on  the  core  will  be  barely  ■^^"  thick,  say  'odo"  ; 
upon  this  are  the  two  layers  of  wire,  3  X'io5"=2io",  and  above 
all  the  hands  of  binding-wire  :  these  latter,  together  with  their 
backing  of  mica  and  tape,  will  have  a  thickness  ofabowt  'oTj^j"  ,vVvt 
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wire  itself  being    020"  diameter.     The  over-all  diameter  of 
completed  armature  will  thus  be  9  +  'i2  +  '42+'o7=9-6i,  say  9] 
The  clearance  between  the  binding-wire  and  the  iron  of  the 
piece  should  be  not  less  than  /„"  for  all  diameters  up  to  9",  af 
y  for  diameters  from  9"  to  13"  ;  while  above  these  si^csit  shoo 
be  increased  to  /j".    Allowing  \"  for  clearance  on  either  side,  1 
bore  of  the  pole-pieces  in  our  present  machine  must  be  qJ", 
2/,="87s"=j'22  cm.     With  a  polar  angle  of  ijo'.  ihe  area 
air-gap  is  calculated  to  be  880  square  cm.  (p.  298),  whence 

4,370,000 

When,  however,  (he  m.ichine  is  giving  105  volts,  and  full  cur 
at  810  revolutions,  the  number  of  lines  will  be  reduced  to  ab 
3,580,000,  and  the  induction  in  the  air-gap  to  4,070  ;  and  itj 
under  these  more  unfavourable  conditions  that  we  must  test 
design  for  sparklessness  at  the  brushes.     By  the  formula  of  p. 
the  permissible  ampfere-stream  is 


A.  max. 


_i44  ■  u, .  3/, 144  X  4,070  X2a3_ 


i.n 


^- 


9,500. 
.66 


whereas  the  actual  amptre-slream  =  t  x  -^  =  234  x— =7,700, 

3  2 

and  is  therefore  well  within  thu  limit.  In  fact,  evea  assuming  no 
lead  of  the  brushes,  the-  cross  amptre-tums  will  be  less  than  half 
Xp,  and  the  output  of  the  armature,  as  is  usu.1l  in  small  siees* . 
limited  by  the  heating,  and  not  by  sparking. 

The  next  point  to  be  decided  is  the  sire  of  fir Id-magnel. 
length  of  the  pole-piece  parallel  with  the  shaft  should  l» 
what  less  than  the  length  of  the  armature  core  in  order  to  prcyr 
lines  from  curving  round  into  the  flat  surfaces  of  the  end  discs 
the  core,  and  there  generating  eddy-currents  (p.  236),  and  in 
case  if  will  be  made  nj",  or  three-quarters  of  an  inc!    ' 
the   length   of  the  core.      On   the  assumption    that 
(cp.  p.  312),  the  number  of  lines  passing  through  the  magnet  will 
lie  5,340,000  ;  or  from  previous  designs  we  may  tstn.  Vr-^-  —-" 
definitely  that  p  will  be  about   "015   (cp.  pp,  302-3 
Xh=  X,  -K  X,  -f  Xtcan  already  be  calculated  to  be  1 ,900  +9,840 + 58 
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=  11.320  (»/</<■  pp.  296-298)  ;  any  such  preliminary  estimate  of 
P  or  z,.  may,  however,  require  to  be  subsequently  verified  when 
the  design  is  further  advanced.  Assuming  the  magnet  limb  to  be 
rectangular  in  section,  the  same  dimension  of  \\\'  is  best 
retained  throughout  the  length  of  the  limb,  since  then  magnet- 
core  and  pole-piece  are  conveniently  forged  and  machined  as 
one  slab. 

Taking  an  average  value  for  b„,  such  as  1 4,000,  we  obtain  for  the 

wrought-iron  hnib  an  area  of  ^•?^^— ! =382sq.  cra.=59'5sq.  m., 

14,000 


and  thence  the  thickness  works  out  to 


,%^5=5"3.  or,  say,  5^". 

Such  was  the  thickness  taken  on  p.  298  for  the  simple  shunt- 
wound  field,  and  it  might  be  thought  that  it  would  suffice  to  adopt 
the  same  value  again.  But  here  we  are  met  by  another  con- 
dition with  which  we  must  com[)ly  :  when  working  at  840  revo- 
lutions, and  giving  100  volts  only,  the  z,,  required  is  only 

100X60X  10' 

_         =3,051,000. 

234x840        •*'  ^ 

Now  on  referring  to  fig.  139  it  will  be  seen  that  such  a  value  is 
almost  on  the  straight  part  of  the  curve,  and  in  consequence  the 
magnetism  will  be  unstable.  It  will  he  advisable,  therefore,  in 
the  present  case  to  adopt  a  higher  induction  in  the  field-magnet, 
a  smaller  cross-section,  and  a  greater  amount  of  copper  in  the 
shunt.     Let  us  assume   b„=  14,700;  then  the  required  area  is 


363   sq.    cm.  =  56'25   sq.    in.,   and   the   thickness   is 


5. 340,000  _ 
14,700 

^    "5=5".     Taking  the  length  of  bobbin  as  about  equal  to  the 

diameter  of  armature  (p.  267),  say  10",  a  rough  sketch  of  the 
magnetic  circuit  such  as  fig.  135  shows  us  that  the  length  of  path 
in  the  wrought  iron  will  be  94  cm.  ;  the  magnet  limbs  will  not  be 
brought  nearer  together,  but  the  required  polar  area  will  be 
obtained  by  the  use  of  wider  polar  strips,  c^  fj,  O  c^.  Hence  the 
path  in  the  cast-iron  yoke  will  lie  slightly  more  than  in  fig.  135, 
say  1 8  cm.  A  final  revision  will  lead  us  to  slightly  raise  p  and 
lower  our  value  for  z„  to  s>3oo,ooo.  whence  b„=  14,600  and 


$ 
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ire  obuin — 


By  referring  to  the  curves  of  fig. 

x„=  23  ><  94=  2.  "65 
x,=8ox  18=1,440 

and  total  x=it, 320+2,165  +  1,440=14,915. 

The  gauge  and  turns  of  the  shunt  wire  may  now  bedetcrmn 
exactly  as  in  Chap.  XVI.  p.  329.    Taking  I,  as  J,i^'=.y\^  ft 

,  I  to  X  1,000  , 

ui  = =*'43  ohms, 

14,925x317x113 

and  the  necessary  diameter  is  "065".     The  rise  of  the  tctnpei 

of  the  coils  for  a  given  winding  is  obtainable  from  p.  402,  and  by 

a  process  of  trial  and  error  a  certain  number  of  complete  lajen 

is  fixed  upon,  such  that  a  due  ratio  obtains  between  the  watts 

expended  and  the  cooUng  surface:  with  18  layers  of  117  tui 

each,  and  the  two  bobbins  in  series,  t,=4,2io  and  r,=32'5 

when  hot  367  :  c,=3'54  and  the  total  watts  exjiended  in  the 

shunt  are  460.     The  cooling  surface  will  be  about  827  sq.  inch 

and  therefore  the  rise  of  temperature  of  the  outside 


att^ 


80  X  460  .    o 

=-8^=-^^S'' 


F., 


whence  (p.  396)  A=i+('093  x  r4)=ri3. 

The  number  of  ampfere-turns  required  to  produce  2^=3,051,000 
on  no  load  are  calculated  as  follows  : — 


•1,051,000 
8.=''—^?-' =13,000 

t,o5i,ooo  , 


x^=iixi2-5  =    IJ7 

x,=-8  X3,467  X  2-32=6,157 
x,= o 

X. 


l^kage  lines=  ■:iS6A^.2?4^  ^ 

•0159 
,  J^,=  3.o5'.ooo  +  497iOoo=3.548,ooo 
5_  3.548^5?=, 


=9.770 


X».=  5>f94 


=6,294 


=  470 


.3. 548,000  _ 


643 


=S.S20 


X.  =  iqXl8 


Total  x=7,io6 


Now  the  shunt- winding  previously  determined  has  4,210  taxotl 


lore  the  shunt  current  in  this  case  must  be  c^  i 


.7.»°6_ 
■4,210 


I '69 


100 


amptJies,  which   is  given  by  a   resistance   of     ^  =so'2   ohms. 

I  •09 

The  resistance  of  the  shunt  itself  when  warm  will  be  32-5  x  i'oq 

=3S*4  ohms  (an  increase  of  9  percent,  is  here  allowed,  since  there 

will  not  be  so  many  watts  expended  in  the  field  when  working 

compound  as  when  working  at   130  volts).     Hence  the  subsidiary 

resistance  which  must  be  inserted  in  the  shunt  when  the  machine 

is  to  ^ive  100  volts  is  59*2  — 35'4^23'8  :  in  practice  this  is  often 

divided  up  into  steps,  so  that  the  voltage  can  be  varied  between 

too  and  130  by  means  of  a  sliding  contact. 

Finally,  in  order  to  determine  the  scries  portion  of  the  winding, 

it  will  be  necessary  to  work  out  x  for   105  volts,  60  ampjrres,  810 

revolutions.     Allowing  a  loss  of  two  volts  '  over  the  series  winding, 

E,=  io5  +  2  +  6=ii3  ;  whence 

z.=3.58oi00o 

B^=  15,200  x..=  26xi25  =    326 


I 


B,=  4,070 


x,=-8x  4,070x2-22=7,230 

X4=  580 

x,=8,i36 


y  1-256x8,136  , 

4=  — ^ '—^  =642,000 

■o»59 
^111=  3,580,000  4-  642,000  =  4,222,000 
B-=  H.6S0  x„=  7x94  =658 

ii,=  6,550  x^=3*  X  »8  =576 

x=9.37o 

The  shunt  will  be  arranged  as  a  'short  shunt '  (p.  344)  across 

the  brushes,  and  as  the  auxiliary  resistance  of  23-8  ohms  will  now  be 

107 
in  the  shunt  circuit,  c,  1=     '  =  t'Si  amperes,  giving  t'8i  x  4,210 

=  7,6io  arap^e-turns.     Thus  9,370  — 7,610=1,760  ampfere-tums 

arc  left  to  be  supplied  by  the  series  winding,  and  t„=  ^ — =say 

60 

'  An  arbitrary  allowance,  which,  however,  gives  a  suitable  lou  of  watts  in 
the  st-tio.  wiiidiny  ;  it  could  therefore  be  slightly  ino(li5ed  if  any  necessity 
fur  ko  Aaiag  xtcac. 

\\ 
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29  turns.     Assuming  half  the  turns  to  be  wound  on  each 
and  the  available  length  of  coil  within  the  end  flanges  to  l>c 

the  insulated  conductor  may  be  ^  -^-^^='645"  wide  ;   if  this  W^ 

145 

considered  rather  too  great  a  width  to  handle  conveniently  on  a 

small  former,  we  can  wind  29  turns  on  carh  limb  and  tl 

the  two  coils  in  parallel.     The  length  of  each  turn 

=3-58  ft.     The  watts  expended  in  the  shunt=  i  -81'  x  35-4=111 

and   those   in    the   series   winding  at   60  amptres=c.R.,  xc3 

2  X  60  =  1 20,  making  a  total  loss  of  236.     The  rise  of  temperature 

of  the  outside  will  now  be   °^'^  =23°  F.,  and  the  external  1 

827 

ing  may  be  taken  as  only  rising  24°  B'.,  giving  an  increase  of  5  | 

cent,  in  its  resistance.  Hence  from  p.  320  the  area  of  the  series  ' 

^•oo8i3Xi.76ox3-58xio5^.^^^^        ^  . 
3  x  1,000 

and  since  there  are  to  be  two  windings  in  parallel,  the  area  <rf< 
is  01345  sq.  in.     In  order  to  allow  the  winder  a  little  room,  I 

us  take  the  available  length  of  coil  as  <)\' ;  then 


29 


and  after  deducting  •020"  for  insulation  we  obtain  a  flat  strip  ' 
X  "045"  wound  in  one  layer  of  29  turns  on  each  limb.    Or,  if  1 
convenient,  an  open  spiral  of  round  wire  '134"  diameter  1 
B.W.G.)  may  be  wound  on  each  limb,  and  the  two  windir 
nected  in  parallel. 

The  question  of  whether  a  self-exciting  machine  worke 
down  on  the  no-current  curve  of  magnetisation  will  prove  iinsC 
or  not  is  a  very  difficult  one,  and  at  present  can  only  be  otnpinc 
decided  by  referring  to  tests  on  previous  machines  and  no 
approximately  at  what  portion  of  their  no-current  curves 
become  unstable.     A  good  method  of  doing  this  is  to  conti 
the  lower  straight  portion  of  the  curve  o  it  upward*  (fig.  183)  ; ; 
r,  the  point  at  which  the  machine  is  considered  unstable,  and  vtioT 

the  value  of  —  ;  then  a  new  machine  will  be  unstable  at  appnus- 


mately  a  point  <■,  such  that  -'    =— . 


Of  the  two  consequ 


working  low  down  on  the  curve  of  magnetisation  (alluded  to  on 
P-  336)1  one,  viz.  failure  to  excite  itself  when  run  at  the  normal 
speed,  need  not  trouble  us  in  our  9"  x  12"  dynamo,  since  it  can 
always  be  excited  by  short-circuiting  the  resistance  in  the  shunt  ; 
when  once  excited,  the  resistance  can  be  again  inserted.  As 
r^ards  the  second  conse- 
quence, viz.  large  altera- 
tions in  voltage  when  the 
speed  of  the  prime  mover 
alters  slightly,  or  when 
ihe  current  changes,  it  can 
only  be  said  that  the  exact 
point  at  which  this  effect 
becomes  too  marked  for 
satisfactory  running  is  a 
matter    of    opinion,    and 

must  be  decided  by  circum-       "      vHpw»  fa/™  .n,7EcW 
stances.  ^"'-  '^'■ 

Tlie  design  of  an  alternator  has  still  to  be  considered,  and  for 
this  purpose  it  will  first  be  necessary  to  further  examine  the  cjues- 
tion  of  its  E.M.F.  So  far,  no  equation  has  been  given  for  the 
effective  E.M.F.  of  an  alternator  ;  yet  it  is  the  value  of  this  which 
must  primarily  determine  its  output. 

In  a  bi-  or  multi-polar  alternator,  let  z^  =  the  number  of  lines 
which  issue  out  from  one  pole,  and,  passing  into  or  through  the 
armatiue  core,  form  one  held  ;  then  each  inductor  cuts  z^  twice 
for  each  pair  of  poles  (the  number  of  pairs  being  reckoned  as 
explained  on  p.  145,  and  symbolised  by/»),  and  therefore  in  one 
revolution  cuts  in  all  22,, .  /» lines.  If  n  =  the  number  of  revolu- 
tions per  minute,  the  time  taken  by  one  revolution  is  °  seconds. 
Hence  tlie  average  rate  at  which  each  inductor  cuts  lines  through- 
out an  entire  revolution  is  2Z„./i-i-   -  =  22^ •  /  •  2-- 

N  00 

If  in  each  coil  there  are  c  inductors  in  series,  and  these  are 
regarded  as  l>eing  bunched  together  on  the  top  of  each  other,  so 
iJiat  the  winding  has  no  appreciable  width  along  the  pitch-line,  each 
inductor  simultaneously  generates  an  E.M.F.  of  the  same  ralue 

1 1  2 
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and  in  the  same  direction  round  the  coil,  and  the  average  E.} 

of  the  whole  coil  is  therefore  zz^  ./>.-.  <■.   Such  a  case  is,  howc 

60 

impracticable,  since  the  winding  always  has   some   width 

effect  of  this  has  been  discussed  at  length  in  Chap.  VIII.,  ( 

it  was  there  shown  that  if  the  width  of  the  winding  exceeds  I 

width  of  the  gap  between  two  neighbouring  poles  of  (>; 

for  a  certain  portion  of  the  periodic  time  differential  .!■ 

set  up  between  the  two  ends  of  the  coil.     Now  the  average  E,M.F. 

which  the  coil  would  have  on  the  supposition  that  there  iS] 

differential  action,  and  that  the  E.M.F.  of  each  inductor 


the  E.M.F.  of  every  other,  is  az,,./. 


60  ■ 


but  the  actual  ave 


E.M.F.  of  the  coil  is  less,  since  the  E.M.F.  of  some  inductor) 
times  tends  to  neutralise  that  of  others.     The  shape  of  the 
of  E.M.F.  due  to  the  combined  action  of  the  several  inducio 
thus  considerably  modified,  its  height  at  either  end  of  a  half-j 
being  lowered  by  the  differential  action  ;  and  the  mean  value  ofi 
curve  or  the  actual  average  E.M.F.  of  the  coil  during  a  rcvolu 
is  less  than  the  sum  of  the  average  E.M.F.'s  of  the  inductors. 
k'  be  the  ratio  between  the  average  E.M.F.  of  the  coil  and  thci 
of  the  average  E.M.F.'s  of  the  inductors,  both  averages  being  1 
not  merely  over  the  time  during  which  they  are  actively  1 
lines,  but  over  an  entire  period  or  any  numl^er  of  complete  | 
Then  the  actual  average  E.M.F.  of  the  coil-=/''  v  ('. 
the  average  E.M.F.'s  of  the  inductors  on  the  supp' 

is  no  differential  action)  =  *' .  sz. .  / .  —  .  r      In  oibe 


17    >.i?. 


is  a  constant  which  discounts  the  effect  of  differential  arHon  ! 
value  depends  on  the  relative  proportions  which  the  > 
winding  and  field  bear  to  the  pitch,  and  wliH.-  ii  < 
unity,  it  may  be  less. 

Now,  given  the  curve  of  combined  E.M.I 
ential  action,  if  any  such  be  present,  and 
for  a  complete  ijeriod,  we  can  thence  obtain  iIk 
which  is  equal  to  the  square  root  of  tJic  mean  ^.jv 
Let  k"  =  the  ratio  which  this  square  root  of  the  me 
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bears  to  the  mean  ordinate  of  the  simple  curve  ;  then  the  effective 
E.M.F.  of  the  coil  is 

«=>i"  xthe  actual  average  E.M.F. 

or  bracketing  the  numerical  coefficients  to  form  one  joint  coeffi- 
dent,  k=k" .  k' .  2,  the  effective  E.M.F.  of  a  coil  e=i . /.„./>. 


60 


and  each  coil  that  is  in  series  with  it  will  give  the  same  result 
Hence,  if  s=  the  number  of  coils  that  are  in  series,  and  ^  =  the 
number  of  parallels  into  which    the  entire  winding  is  divided, 

sxe!=-,  where  t  =  the  total  number  of  inductors  on  the  arma- 
ture,  and  the  effective  E.M.F.  of  the  alternator  as  a  whole  is 


E«=-t .  7.,, 


./.  .-.10- 

60      ^ 


volts. 


We  have  thus  obtained  for  the  effective  E.M.F.  an  equation 
analogous  to  our  previous  equation  for  the  E.M.F.  of  a  continuous- 
current  machine,  and  cxprcs-sed  in  terms  of  the  number  of  lines 
forming  one  field,  the  total  number  of  inductors,  and  the  speed  in 
revolutions  per  minute.  It  involves,  however,  a  constant  i,  the 
numerical  value  of  which  must  be  further  determined.  Although 
this  varies  with  the  width  of  the  windings  and  fields,  and  with  the 
shape  of  the  poles  as  affecting  the  distribution  of  the  lines  (cp. 
p.  1 54),  yet  it  will  in  the  main  depend  on  the  relativt  proportions 
of  the  roils  and  fields  as  compared  with  the  pitch  ;  and  even  here 
it  will  suffice  to  determine  certain  general  cases  to  serve  as  samples 
for  our  guidance  in  actual  practice.  To  illustrate  the  principle  of 
tl»e  method,  the  simplest  case  will  first  be  taken ;  the  single 
inductor  of  fig.  24  or  fig.  41  rotated  in  a  uniform  field  has  no  differ- 
ential action,  and  (i'  =  i  :  its  curve  of  E.M.F.  is  a  simple  sine 
cun'C  of  which  the  average  value  is  2Z«,  and  the  maximum  value 
w««  (pp.  58,  59),  tthile,  further,  we  know  that  for  a  sine  curve  the 
square  root  of  the  mean  square  is  equal  to  the  square  root  of  half  the 
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square  of  its  maximum  ordinate.    Hence  the  effective  E.M.F. 

and  the  ratio  k" 

wZfl 
^/2 IT 

2zn     3\/i 
The  coefficient  k  is  therefore 


k' 


x  I  xa=— — =2'i2. 

2v/2  \/2 


From  this  case  we  turn  to  the  single  inductor  of  fig.  43  ; 
there  is  no  differential  action,  but  the  cur\-e  of  E.M.F.  is  no  lonj 
a  sine  curve.     If  the  fields  were  of  [>erfectly  unifonn  density, 
of  width  equal  to  the  pilch,  so  that  they  changed  sign  abr\i| 
(cp.  fig.  64),  we  should  obtain  two  rectangles,  each  with  length  of 

base=half  a  period,  and  height=aZa .  t-.     The  square  root  of  1 

mean  square  would  be  also  *Za  •  /;  i  so  that  the  average  and 

live  E.M.F. 's  would  coincide,  or  >fr"=i.      Hence  k=ik".kc 
=  I  X  I  X  2=2.    Owing,  however,  to  the  gradual  shading  off  of  l! 
lines  at  the  edges  of  the  poles,  the  corners  of  the  cur\c  of  E.M.F 
would  in  practice  be  rounded  (cp.  fig.  44),  and  the  effective  l 
actually  obtained  would  be  somewhat  less  than  the  al"> 
retical  value. 

Let  us  now  pass  to  the  consideration  of  a  coil  of  iii.:;i 
and  in  the  first  place  let  us  suppose  the  width  of  winding  "nl  r 

width  of  field  to  \>c  1  -jO 

VOLTS 


w 


£ 


half  the  [n'-0.i 
There  a  still 


Via.  184.— Width  of  wimiuig  and  field  each 
=ludf  ilie  piicK. 


a  pole  (fig.  67).     A  simple  approximate  method 
fOS^  wili  be  to  divide  eac\\  \\aVL-^uvA  "v,\\i%  ^  w> 


equal   to 

(fig.  70). 

no  differc 

the  com  It 

the  coil    gradually 

and  falls  as  the  tadi 

pa.ss  under  or  recede 
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so  small  that  the  E.M.F.  inay  be  regarded  as  constant  in  value 
during  each  small  portion.  Let  the  length  o  m  (fig.  184)  represent 
half  a  period  divided  inte  2(- portions,  each  of  length  =.v,  and  let 
the  height,  _}',  of  each  small  rectangle  represent  the  E.M.F.  due  to 
one  inductor  when  cutting  the  lines  of  the  field.  The  number  of 
inductors  actually  culling  the  field  rises  from  nought  at  end  o  to 
a  maximum  c  at  the  centre  when  the  whole  coil  is  under  a  pole, 
and  thence  falls  to  nought  at  m.  The  curve  of  instantaneous 
E.M.F.  may  thus  be  divided  into  a  series  of  .steps,  the  number  of 
small  rectangles  piled  one  above  the  other  at  each  portion  of 
time  being  equal  to  the  number  of  inductors  that  are  in  action. 
The  total  number  of  rectangles,  each  of  area  xy,  in  the  half-period 
s=^,  and  the  average  E.M.F.  of  the  coil 


total  area 
length  o  M  ■ 


t^xy 

2C  .X 


=y 


In  order  to  determine  the  effective  E.M.F.  it  will  \k  necessary 
to  obtain  a  second  curve  by  squaring  the  ordinates  of  the  first,  and 
thence  to  find  the  square  root  of  the  mean  square.  This  second 
curve  will  be  similarly  divided  into  steps,  but  the  height  of  each 
step  will  be  equal  to  the  square  of  the  height  of  the  former  steps. 
The  total  area  will  therefore  be 

xy'*-\-x  .  4,v'+.r .  qy'^-\-  . . .  +x .c'^y* 

+  x(f— i)V+  . .  .  +jr.Q>'*-fjr.4>''+*)'* 
=x>''[i+4  +  9+  ...  +f»+ {1+4  +  9+ •••  +  ('^- ')')]• 

The  two  scries  are  respectively  the  sums  of  the  first  c  natural 
Dunilx:r  and  the  first  {c—i)  natural  numbers;  hence,  by  the 
ordinary  algebraical  formute  for  the  summation  of  these  series, 
the  total  area 

=xy''  /  '^(^+ ')  (^^^-  ')4-(^- ') <••  (»<•-  ')  I 


—  xy^ 
lie  mean  square 


f(gf*+i) 


xy- 


f(2^+i) 


2f.V 
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and  thence  the  square  root  of  the  mean  square 


The  ratio 


effective  E.M.F.  ■    ..      , 

irmr  '*  therefore 

average  E.M.F. 

ft         "^"^"^  ^  '       M  • 

y.i  '■•^3 

2 


Now  when  e  is  made  large,  the  term    v/zr'+i    becomes  scnsiWy 
equal  to  \/  2c\  or  the  larger  c,  the  more  nearly  the  approximatto 


of  k"  to 


71='-'55- 


Hence    the    coefficient    A=k"  .  ^  .  a* 


-7-x  I  X  2s=  -1-,  and,  with  a  close  degree  of  accuracy,  the  cfle( 

tive  E.M.F.  of  the  coil  is  2-3  z, .  --  •  i"-     It  will  be  seen  that  in 

60 

above  case,  which   is  the  one  of  most  frequent   occurrence 

praaice,  the  value  of  ♦ 

jsf-CU.  not    very  different 

that  for  a  simple  indue 

giving  a  true  sine 

and  the  accuracy  of  til 

may  lie  verified  by  1 

ining  the  combined  curve 

of  fig.  67,  which  boareJ 

close    resemblance    to  [ 

sine  curve. 

It  remains  to  consid 

a  case  in  which  differcntid 

action   comes   mto  phn 

and  to  illustrate  this 

Fio.  il$.—Widih  of  winding  »nd  field  e«ch=pUch.  ■  i  i_     <i 

US  assume  a  width  01 1 
and  winding  each  equal  to  the  pitch  (fig.  62).     In  the  ring 
coil  A  let  there  be  c  inductors,  and  let  the  lentil  h  o  \t.  if|Mtwnrfll(t 
half.!  [>criod  (fig.  185),  l)c  divided  inio  ; 
r,      Jf  (he  mil  he  su\)pOM:<\  aK  o  U^\it  \\. 
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pole  and  half  under  the  other,  the  E.M.F.  induced  in  the  two 
halves   is   in  opposite  directions,  which  may  be  represented  by 

plotting  -  rectangles  above,  and  the  same  number  of  rectangles 

2 

below  the  horizontal  axis  ;  as  the  coil  moves  forward,  the  number 
of  inductors  under  the  one  pole  increases  to  a  maximum,  c,  and 

thence  falls  to  - .    The  total  number  of  rectangles,  each  of  area  xy, 

2 

in  the  half-period  is  r  x  2f=2c^  and  the  average  E.M.F.  of  the  coil 
on  the  supposition  that  there  is  no  differential  action  is  '^^  '^  =  y .  c . 

3CX 

But  the  actual  average  E.M.F.  of  the  coil  is  less  than  this,  and  its 
value  may  be  obtained  by  deducting  from  the  heights  of  each 
series  of  rectangles  the  height  of  the  rectangles  below  the  horizontal 
axis,  as  in  fig.  185,  where  the  amount  to  be  subtracted  is  indicated 
by  the  shading.  It  wU  now  be  seen  that  the  sum  of  the  areas  of 
the  rectangles  free  from  shading  is 

.«>'(i  +  2-»-3+---  +^+(i--i)+...  +3+2  +  1) 

=xy[i(e^^)^'^(c-i)} 

=x}r* 

and  the  actual  average  E.M.F.  ^'  ^ 


2ex         2 ' 


Hence  the  ratio  between  the  average  E.M.F.  of  the  coil  and  the 
sum  of  the  average  E.M.F. 's  of  the  inductors  is 

_i,or>f='. 
jr  2 

The  effective  E.M.F.  is  again  obtained  by  squaring  the  ordinates 

of  the  curve  of  actual  average  E.M.F.,  and  taking  the  square  root  of 

the  mean  square.  Ths  total  area  of  the  derived  curve  will  be,  as  in 

the  last  case, 

*v'(i+4  +  9+...  +r'+(r-i)»+  ...  +9  +  4  +  1); 

thence  the  cfTcctive  E.M.F.  is 

y.  >Jze*-¥i 

.ind  by  the  same  steps  as  before  we  atrwe  av  fc"  •=  -V- 


'Wt  \<i\-c«.l 
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coefficient  is  therefore  k-=  ^^  x  -  x  2  =  -?-  =1-155,  or  exactly  half 

the  value  that  it  had  in  the  last  case. 

The  same  approximate  method  is  easily  applied  to  other  cas 

in  which  there  is  differential  action.     Thus,  if  a  coil  of  c  inductoii 

having  a  width  of  wind^ 
ing  equal  to  half  the 
l^itch,  be  rotated  between 
fields  of  width  equal 
to  the  pitch,  and  O  m  be 
divided  into  4^  portion 
of  the  same  length,  x,  1 
in  the  last  case,  we  oj 
tain  the  curve  of  fig.  1  i 

The  average  E.M.F.,  if  differential  action  be  supposed  absent,  i 

y.c,  while  the  actual  average  E.M.F.  is 
xy 


Fi(i,  T86.~Width  ofwindiDg'^hairthe  pitch, 
width  of  fields  pitch. 


^1 1  +  2  +  3+  ...  +r+2r'''  +  (<--i)+... +3  +  2+1  I 


whence 


4 

The  area  of  the  curve  obtained  from  the  actual  E.M.  F.  cur 
when  its  ordinates  are  squared  is 

-vcM'+4  +  y+  •••  +^''  +  2<^  +  (t-l)*+  ..-  +9  +  4+«J, 

-/'  ■        3        ' 
and  the  effective  E.M.F.  is  therefore 

2v'3 

which  may  be  taken  as  very  approximately  equal  to 


Thence 


2^V'2   _ 

v.3£       ^^3 
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and  *=4N^x3x^  =  *^='=r635. 

The  results  thus  obtained,  together  with  other  values  of  k 
under  different  conditions,'  may  be  tabulated  as  below  : — 

(1)  Width  of  each  pule  equal  to  pitch,  toothed  armature  and  winding  concen- 

trated in  the  recesses ^  =  2'00 

(2)  Width  or  each  pole  equal  to  pitch,  smooth  armature  and  width  of  winding 

in  each  coil  equal  to  pitch  .......       >('=1"I5S 

(3)  Width  of  each  jiolc  equal  to  pitch,  smooth  armature  and  width  of  winding 

in  each  coil  equal  to  half  Ihc  pitch /(•  =  i  -635 

(4)  Width  of  each  pole  equal  to  half  the  pitch,  smooth  armature  and  width  of 

winding  in  each  coil  equal  to  pilch ii=f63S 

(5)  Width  of  each  pole  e<iual  to  half  the  pitch,  smooth  armature  and  width  of 

winding  in  each  coil  c<|ual  to  half  the  pitch  .         .         .       /t  =  2"3 

(6)  Width  of  each  pole  equal  to  one-third  of  the  pitch,  smooth  armature  with 

width  of  winding  in  each  coil  equal  to  one-third  of  pitch      .       i  =  2-83 

In  all  cases  the  coefficients  may  require  in  practice  to  be 
slightly  modified,  owing  to  the  effect  of  the  cross-amptre-turns  of 
the  armature  in  altering  the  actual  distribution  of  the  lines.^ 

The  above  equation  for  the  E.M.F.  of  an  alternator  and  the 
above  values  of  k  are  equally  applicable  to  unipolar  ring  or  dis- 
coidal  alternators,/  being  reckoned  as  explained  on  p.  159  :  the 
ring  or  discoidal  armature  of  fig.  77  will  give  a  curve  of  E.M.F. 
exactly  analogous  to  the  curves  of  the  corresponding  armatures  of 
fig.  71,  and  the  average  and  effective  E.M.F. 's  will  bear  the  same 
relation  to  each  other  in  the  two  cases.  In  deducing  the  average 
E.M.F.  of  the  unipolar  ring,  it  is  indifferent  whether  we  make  t 
equal  to  the  total  number  of  wires  that  act  as  inductors  at  different 
times,  i.e.  to  twice  the  number  of  loops  (sinct-  both  sides  of  each 
loop  cut  lines  at  different  times),  or  equal  to  the  number  of  loops  ; 
in  the  former  case,  each  wire  cuts  z„ .  /  lines  in  each  revolution, 
in  the  latter  case,  each  loop  cuts  2Z„ ./  lines  :  by  either  method  we 
arrive  at  the  same  average  E.M.F.    It  is,  however,  simplest  to  make 


i 


'  Extrocted  from  Mr.  Kapp's  paper  on  '  Altematc-ctirrent  Machinery,' 
Pnx.  1ml.  C.E.  February  19,  1889,  vol.  xcvii.  part  iii.,  to  which  the  authon 
ate  largely  indebted  for  the  substance  of  the  preceding  pages. 

*  Cp.  the  remarks  of  Prof.  Klihu  Thomson  read  in  the  discussion  of  tlw 
above-mentioned  paper  of  Mr.  Kapj>. 
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■■  the  nambcr  of  loofks  just  as  in  the  maltipobr  riqg,  m 
■  avenge  E.M.F.,  when  diflcrcntial  action  is  supposed  ahiaE,i 


^  .  ^, and theeflbctiveE.M.F. is i(.r,.>.   —  , 
60    f  •^60 


In  the  liscoidal  armatures,  it  migfat  seem  at 

\ia  if  the  '     ,         alternator  would  only  give  half  tbci 
the  corresponding  muhipolar  machine,  since  the  area  of  1 
this  diflerence  of  area,  however,  is  to  a  < 
Janced  by  the  leaser  magnetic  leakage  in  I 
polar  machine,  m  that  for  the  same  exciting  power  z.  need  1 
^^e  very  greatly  diflcrcnt  in  the  two  cases.     Lastly,  in  the  1 
^Ai«c  roadtine,  if  r  =  the  munber  of  radial  wire;  which  act 
^K^Ktors  at 
^^^B  wire  in 

of  iidds  or  of  poles  on  one  side  of  the  armature  (p.  164);  1 


I 


e  average  E.M.F.  is  only  z, ./.,—  ,  T ;  the  two  disc 

60  f 

6g/k.  77  and  7t  will  give  exactly  attalogous  corves,  and 


60  f1 


fore  ibecflective  E.M.F.  of  the  unipolar  disc  is  Jt".Jt',z^.f. 

wk,i^.p.~   .—   :  k  has  here  the  same  values  as  before  for  % 
ho    tq 

elalive  widths  of  field  and  winding,  l)ut  it  must  be  remnnhoed 

in  two  simibr  machines,  the  one  unifolar  and  die  other 

nultipotar,  the  pitcJi  of  the  unipolar  disc  is  twice  as  ^eat  as  thu 


id  01  wiitding  each  equal  to  one  quarter  of  the  pitch.     Thus  (or 

same  \-ahjcs  of  /,  t,  and  z^,  the  E.M.F.  of  the  f        '--  i'titt 

XlOr  is  onlv  half  that  of  the  multipolar.     Again,  1>.  •  1  : 

rab 

>Iy_  ,  ^        ...     ..     .- 

that  their  efiective  £.M.F.'5  remain  more  nearly  the 
p.  164)- 

Suppos/*  that  !»  is  rr«in?Tii?d  to  dc^fpn  »  muhipobr  inarhTT»r  of 
b'<  indl 
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poles    on    each    side   of    the    armature    must   be 
=  t6  (p.   145).     An  even  number  of  poles  is  in  all 


nunil)er    of 

80  X  I  20 
600 
scs  a  necessity,  and  hence  if  the  equation  does  not  immediately 
work  out  to  an  even  number,  as  above,  either  the  speed  or  the 
■Kequcncy  must  be  altered  to  suit  the  case.  The  core  will  be  of 
^Hoft  band-iron  wound  upon  a  central  wheel  with  thin  paper 
^Hisulation  between  the  layers.  The  diameter  of  the  rim  of  the 
^^fheci  must  be  fixed  by  the  judgment  of  the  designer,  and  in 

I  default  of  other  machines  as  a  guide,  the  best  proportions  can 
bnly  be  determined  by  designing  several  machines  for  the  same 
■utput  but  differing  in  their  dimensions,  and  thence  selecting  the 
Ine  that  is  most  economical.  In  the  present  case  we  assume  the 
bhccl  to  be  34"  in  external  diameter,  and  the  core  to  be  8^"  in 
Itidial  depth,  and  2^"  wide.  The  circumferential  speed  of  the 
Bnisbed  armature  will  then  be  slightly  over  8,000  feet  per  minute 
'p-  257).  The  gross  sectional  area  of  the  core  =  137  sq.  cm., 
and  allowing  15  per  cent,  for  insulation  between  the  layers,  the 
^^et  area  of  iron  =  116  sq.  cm.  Each  pair  of  opposing  poles 
^H)nns  in  reality  one  polar  surface,  and  the  lines  z^  which  enter  into 
^Bie  core  from  them  bifurcate  into  two  groups,  which  pass  in 
^^ppositc  directions  on  to  the  neighbouring  poles  ;  hence,  just  as 
in  a  bipolar  machine,  z^=.v,^x zab,  and  allowing  5,100  lines  per 
cm.  as  a  good  working  induction  for  the  armature  core,  we 
itain  z„=s,iooX2X  116  =  1,183,000. 

From  p.  481;,  if  all  the  coils  are  in  series,  t=  " • 

*^    ^  ^  k.z„.K  ./> 

he  loss  of  volts  in   the  armature   should   not   be   more   than 

3ut  3  percent.,  so  that  e„  =  2,i63  ;  the  width  of  each  field  and 

ich  armature  coil  will  be  made  equal  to  half  the  pitch,  whence 


I      in  i 


By  the  table  of  p.  491,  ^=2-3,  while/=-=8; 


2,163  ^  io*x6o        _ 


=993. 


'  +  8V'=42j",  and  the  pitch 


_7rx42j; 
16 


I 


I 


2"3X  1,183,000  X  600  X  8 
By  992,  giving  62  tunis  per  coil.     The  diameter  of  the  pilch-line  is  j 


=8'3",   so  that  the] 
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width  of  the  coil  should  be  4'i5".    Allowing'is"  for  a  litUe  play  i 
the  winding,  the  diameter  of  the  insulated  wire,  if  the  coil  is  in  or 

layer,  may  be  j*  ="064",  or  "044"  round  wire  d.c.c.  with  a  ihicl 
62 

ness  of  20  mils.   The  length  of  each  turn  round  the  armature  coi 

allowing  for  easy  bends  on  the  outer  and  inner  rims,  may  l>e  e 

mated  as  26"  ;  whence  the  total  length  of  the  992  turns  =  2, 150 

The  resistance  of  1,000  feet  of  '044''  diameter  wire  of  100  j: 

cent,   conductivity  being  5  33   ohms  at  60°  F^  and  the  win 

number  of  turns  being  in  series,  r„=i  15  at  60°  F.     In  machin 

of  the  present  type,  owing  to  the  high  circumferential  sjH'cd  a 

excellent   cooling   action  of  the  currents  of  air   set   up  by  t 

revolving  armature  (p,  404),  the  heating  is  very  much  less  than 

2-pole  continuous-current   machines,  having   the   same   ratio 

watts   wasted   to   cooling   surface   of  amiature,   and   it  will 

sufficient  to  allow  6  per  cent,  for  the  rise  in  resistance  due 

heating  :  hence  R^  hot  =11-5  x  1  06  =12-2  ohms,  and  the  loss 

volts  is  12*2  ;<  30=366.   This  is  far  too  great  a  loss,  and  two  layers 

." 
armature  wire  must  be  adopted  ;  '*  s-izg"  will  permit  us  to 

!3» 
•109"  diameter  wire  d.c.c.  to  129"  ;  r^  hot  now  works  out  to  1*98 
ohms,  and  the  loss  of  volts  to,  say,  60. 
The  next  step  must  be  the  determination  of  the  aiup^e-ti 
required  on  the  field-magnet,  and,  as  explained  on  p.  314,  it 
convenient  to  consider  a  single  pair  of  poles  on  one  side  of  I 
ring,  and  then  to  multiply  our  result  by  the  total  number 
pairs. 
The  length  of  path   in  the  armature  core  is  about  7",  sij. 
18  cm.,  and  the  induction  being  5,100,  we  have,  from  the  curve 
fig.  rii,  x„=2X  18=36. 
In  calculating  /^,  it  will  be  well  to  allow  n  clearance  of  "25" 
between  the  winding  and  the  pole-face,  and  for  the  insulation 
between  the  core  and  the  winding  on  each  side  of  the  armature  J 
kthickness    of   about    115    mils.;    hence  /,  =  -2y"+ {»xi;i.i  1 


I 


'A 


|-l-'i  is"  =  '625".   Since  ilie  pole-faces  are  small,  the 


Surrounding  them  forms  a 


f^field  than  it  does  in  the  ease 
l/)d  l/icrcfore,  to  Uc  on  vhc  saie  sviic, Vv.v<\\\ 


greater  proportion 
ihc  continuiit 


of  1 
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width'  as  being  only  equal  to  "4/1,  all  round  the  pole-face,  i.e. 

\  X  •6j5  =  -25".     The  required  width  of  pole-face  is  thus  equal  to 

ilf  the  pitch  —  twice  the  width  of  fringe  =  4-15  -  •5=3-65",  say 

and  its  length  to  85"  -  -5" =8".     The  joint  area  of  the  two 

polar  gaps   is    thus  *  x8'5  X4'i5   sq.    in.  =s  453   sq.   cm.,   and 

B,=  '''   ^"°°°=2,6io,  whence   x,=-8.  b„  .  2/,=-8x  2,610 X3"i8 

453 
=6,640. 

I'"or  predetermining  the  value  of  the  back  ampere-turns  in 

the  c<»se  of  an  alternator,  a  convenient  and  exact  formula  is  still 

wanting;  in  the  present  case,  however,  they  will  be  about  1,000. 

Cm  .•.Xp=36 +  6,640+ 1,000=7,676. 

\  The  leakage  permeance  for  a  pair  of  magnet-cores  may  be 
calculated  by  the  methods  of  pp.  300,  304,  and  will  be  found  to 
be  about  35.  Therefore 
P  C=  I  •256x7,676x35=336,000 


and 


"  +  ^=591,500  + 336.000=927,500. 


The  alternator  will  be  separately  excited,  and  consequently  the 
question  of  the  stability  of  the  magnetism  docs  not  arise.  Hence, 
to  determine  the  best  value  for  the  induction  in  the  magnet-cores 
and  yoke-ring,  and  the  best  length  of  coil,  recourse  must  be  had 
to  the  method  of  trial  and  error,  so  as  to  discover  what  pro- 
portions lead  to  a  minimum  cost  of  magnet  iron  and  field  copper. 
Suppose  that  in  this  case  we  take  b„=  14,000  j  then  the  area  of  each 

>re=<— ''-^ — =66-2  sq.  cm.  :  this  on  the  assumption  of  round 
14,000 

agnet-cores  gives  a  diameter   of  almost   exactly   33",    a   con- 

lient  dimension,  since  it  coincides  with  the  width  of  the  pole- 

'  Strictly  speaking,  the  width  of  fringe  depends  on  the  exact  shape  of  the 
pole-piece,  &c.,  and  can  only  roughly  be  fixed  as  a  ceitain  fraclion  of  /,.  It  is 
here  assuuied  to  be  less  ihan  in  the  conlinuous-cuncnt  machine  of  p.  297  ;  in 
the  latter  any  fringe  is  fully  cfTcclive  in  producing  K.  M.F.,  but  in  an  alternator, 
■fler  a  certain  width,  the  eMremcly  weak  field  beyond  will  pii.Uibly  give  rise 
differential  action  between  the  two  ends  of  the  coil.  Further,  if  the 
iting  power  Ijc  slightly  overestimated,  the  error  is  easily  remedied  by 
hily  increasing  the  resistance  of  the  theostut  which  forms  a  necessary 
Ijunct  to  the  field -magnet  circuit. 


A 
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piece.     Taking  the  length  of  coil  as  6^",  and  adding  i"  at 

end  for  insulation,   the  length  of  path   in  the   pair  of  cores  is 

2  X  7"=3S'S  cm.,  and  therefore,  by  fig.  1 1 1, 

x„=i7X355=6oS 

The  length  of  patli  in  the  cast-iron  yoke-ring  will   be  abod 
7J"=i9-6  cm.,   and  allowing  a  density  of  5,500,  Uie  section 

area  will    be  9^7'5°°  ^  5,500=844  sq.   cm.,   say    a^'Xii" 

2 

whence 

x,=  i9X  196=372, 

and  AT  for  one  pair  of  magnet  cores=7,6764-t>o2 +  372=8,650. 
The  exciting  E.M.F.  may  be  chosen  arbitrarily,  say  100  volts,  but 
the  loss  in  the  field  should  not  exceed  2^  per  cent  of  the  outpifl 
=  1,500  watts.     The  field  winding  may  then  be  worked  out  ffl 
the  formulae  of  p.  319,  the  values  of  e,  for  one  pair  of  coils  bcilfl 

—   =6*25  (since  each  pair  has  to  provide  8,650  amu^c-tutnfl 
16  ^H 

of  the  heating  constant  i'oq,  and  of  the  mean  length  of  a  turfl 

4=  16"=  I '33  ft.     The   resistance   of  1,000  ft.  of  the   (equir^l 

wire  is  ■ 

6-25  X  1,000  ,  H 

8,650  X  1  33  X  1  -09  ^J 

whence  its  diameter  must  be  '144"  d.c.c.  to  '159".  ^^H 

Assuming  eight  layers  of  forty  turns  each,  we  arrive  at  6^| 

turns  on  each  pair  of  coils,  giving  a  total  resistance  when  wsmnfl 

7*4  ohms,  and  an  exciting  current  through  all  the  coils  in  SBltH 

100  ^^ 

of  -    =1 3-5  amperes.    The  rate  of  expenditure  of  energy  in  ihe 

7  4 

field,  viz.   1,350  watts,  is  therefore  within  out  linut,  and  ample 
cooling  surface  is  provided.    It  is  important  to  make  sure  t]^ute| 
depth  of  winding  is  not  so  great  as  to  block  the  apace  l>ctvrc^^^| 
adjacent  cores,  and  in  tlie  present  machine  there  will  be  foiMl^| 
be  plenty  of  clearance.  H 

As  far  OS  the  authors  arc  aware,  no  reliable  AinnuLe  for  p^| 

determining  the  rise  of  lcinj>eratu»c  of  the  n— -     '••     '"^ 

piibJishcd  for  aity  da%s  ot  a,\vcit\aL.tm .    In  ili  M 
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designed  above,  the  rise  would  probably  not  exceed  35°  F.  ;  hence 
the  output  is  not  limited  by  the  heating,  but  by  the  questions  of 
efficiency  and  reaction  of  the  armature  current  on  the  field.  The 
latter  can  be  balanced  by  increasing  the  field-excitation,  but  if 
with  constant  excitation  the  drop  of  the  characteristic  curve,  due 
to  the  loss  of  volts  in  the  armature  and  the  demagnetising  effect 
of  the  back  aniptre- turns,  becomes  too  marked,  the  machine 
becomes  unsatisfactory  from  the  point  of  view  of  the  central- 
station  engineer. 

The  method  of  testing  the  eddy-current  loss  in  a  continuous- 
current  machine,  alluded  to  on  p.  408,  may  here  be  introduced  as 
l>earing  directly  on  the  design  of  dynamos.  It  consists  in  running 
the  machine  as  a  motor  without  load  at  various  speeds,  and  noting 
the  current  through  its  armature,  the  E.M.F.  applied  to  it,  and 
the  speed,  the  excitation  being  kept  constant  at  the  desired  value 
throughout  the. test.  The  motor  is  not  considered  in  the  present 
work,'  but  it  is  here  necessary  to  state  that  the  power  absorbed  by 
a  motor  (exclusive  of  field-excitation  and  loss  over  armature  resist- 
ance)=(K,  — c„R.)c,„  where  e,=  E.M.F.  impressed  on  the  motor 
annature,  c^  =  the  current  through  it,  and  R„  =  its  resistance. 
When  the  motor  is  running  light,  c„  is  very  small,  and  with  a  fairly 
large  annature  of  low  resistance,  c„Ra  is  practically  negligible  as 
comjjared  with  E, ;  i.e  the  back  E.M.F.  of  the  motor  is  closely 
equal  to  the  E.M.F.  impressed  on  it.     In  a  motor,  as  in  a  dynamo, 

the  E.M.F.  induced  in  the  annature  =z^ .  t  .  ^-  x  io~*  volts ;  and 

is  pro- 
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since  z„  is  in  our  case  constant,  it  follows  that  the  speed 
portional  to  the  E.M.F  impressed  on  the  armature. 

Now  the  losses  in  hysteresis  and  mechanical  friction  are 
simply  proportional  to  the  .speed,  while  the  eddy-current  loss  is 
projiortional  to  the  square  of  the  speed  (p.  408)  ;  hence  the  total 
power  absorbed  by  the  motor  may  be  divided  into  two  portions, 
vit.  the  walls  spent  in  hysteresis  and  friction  =;  hn,  and  those 
silent  in  eddies  =  f .  n",  where  N.=  speed  in  revolutions  per 
minute,  and  tt  and  f  are  two  constants  for  the  machine  with  a 
given  excitation.    If,  therefore,  the  speed  of  the  motor  is  increased, 
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so  also  arc  the  watts  lost  in  hysteresis  and  friction  ;  but,  as 
have  said,  the  back  E.M.F.  of  the  armature  is  increased  in  cq« 
proportion.     Hence,  if  we  mentally  regard  c„  as  split  up  into 
portions,  one  of  which  is  employed  in  overcoming  the  hystcre 
and  friction,  and  the  other  in  overcoming  the  eddy-currcnls,  the 
value  of  the  former  portion  must  remain  constant  in  order  t 

product  with  thi. 
E.M.F.  may  vary  simply 
as  the  speed,  and  the 
curve  showing  its  rela- 
tion to  the  spevi 
be  a  horizontal  st 
line  at  some  height 
above  the  horizontal 
axis,  as  shown  at  A  c  in 
fig.  187.  On  the  other 
hand,  as  the  speed  is 
increased, and  the  waits 
lost  in  eddy  -  cur 
increase  as  the 
of  the  s|>eed,  the 
the  eddies  must  in 
that  its  product 

He 


ts  rela-  , 
ed  «H 
straiJH 


0r  E.M,F,  sufiflitd  to  armaturt 

Fig.  187. — Separation  of  hystercsU  and  friction  from 
eddy<iuTeDt  loftsc&. 


tion  of  Ca  which  is  spent  in  overcoming 
increase  equally  with  the  speed,  in  order 
the  back  E.M.F.  may  vary  as  the  square  of  the  sjjecd. 
the  curve  showing  the  relation  of  this  second  portion  of  c.  to 
speed  must  be  a  straight  line  inclined  at  some  angle  to  the  hi 
zontal  axis,  as  on.  Adding  together  the  ordinates  of  the 
curves  a  c  and  o  i>  for  each  abscissa,  we  obtain  a  third  curve, 
which  represents  the  total  current  through  the  armature :  this 
start  from  a  and  rise  in  an  inclined  straight  line  ;  and  such  is 
actual  form  of  curve  obtained  from  an  ordinarily  good  m, 
when  tested  in  the  manner  dt-scribed.     If,  i'  we 

mentally  determine  a  h  and  draw  ac  parallel  i  uool 

we  can  deduce  the  required  values  of  the  constants  r  and  H. 
obtain  the  jjower  in  watts  absorlK-d  at  any  point  of 
only  necessary  to  multiply  the  abscissa  (in  vr.li- 
sponding  ordinate  :  thus  for  the  point   1 
=0  F  X  F  R,  and  ot  these  vV\c  vfa.vv'i  aNj 
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Tiction  are  w„  =  o  f  x  f  c,  and   the   watts   absorbed   by  eddy- 


w„ 


_  w. 


currents,  w,=OFXGE.     Thence  h=—,  and  f  = 

is  the  speed  corresponding  to  o  F  volts.' 

The  above  method,  as  it  stands,  is  not  applicable  to  alternators, 
since  when  an  alternator  is  running  as  a  motor  without  load  the 
current  and  E.M.F.  are  not  in  the  same  phase,  and  consequently 
their  product  does  not  by  itself  represent  the  true  power  supplied 
to  the  motor. 

The  '  commercial  efficiency  '  of  a  dynamo,  or  the  ratio — 
power  supplied  from  the  terminals  of  the  dynamo  to  the  external  circuit 
power  given  to  the  shaft  of  dynamo  by  the  prime  mover  (engine  or  Ijelt  &c.) 

may  be  determined  by  adding  the  various  losses  in  field,  armature, 
and  friction  to  the  output,  and  dividing  the  output  by  the  sum  of 
output  +  losses.  In  the  cise  of  continuous-current  machines,  since 
the  constants  f  and  h  may  be  somewhat  greater  at  full  load  than 
at  no  load,  the  efficiency  thus  found  may  prove  slightly  too  high, 
the  true  commercial  efficiency  at  full  load  being  perhaps  i  or 
2  per  cent.  less.  There  are,  however,  various  ways  of  measuring 
the  commercial  efficiency  more  directly.  In  cases  where  the 
dynamo  is  coupled  directly  to  the  engine,  the  power  indicated  in 
the  engine  cylinders,  less  the  portion  of  this  power  which  is  wasted 
in  the  engine  itself,  gives  the  brake  horse-power  supplied  to  the 
dynamo  ;  the  results,  however,  of  such  a  method  of  calculation  can- 
not be  regarded  as  absolutely  accurate,  owing  to  the  difficulty  of 
ascertaining  the  exact  value  of  the  waste  in  the  engine.  Another 
method  is  to  transmit  the  power  from  the  prime  mover  to  the 
dynamo  through  a  transmission  dynamometer  which  registers  the 
power  passing  through  it  ;  unfortunately,  such  a  dynamometer 
when  of  large  size  is  both  costly  and  difficult  to  manage,  and, 
further,  docs  not  admit  of  very  accurate  readings  being  obtained 
from  it.  A  much  more  exact  method  is  that  due  to  Fir.  Hopkin- 
son,'  by  which  two  similar  machines  are  so  coupled  together  that 

'  For  certain  cautions  as  to  the  application  of  the^c  valuesi  in  designing 
armaluies,  viJe  pp.  408,  409. 

'  A  description  of  this  method  is  to  tic  found  in  Dr.  Hopkinson's  paper  on 
•  Pytumo  electric  Machinery,' /%//.  Trans.  1886,  reprinted  among  his  Originai 
Pa/ien  on  />y»amir  M(u/iinfry  (W'hiltakcr  and  Co.V  ^.  \\i,  V\. 
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the  one  acts  as  a  motor  driving  the  other  as  a  dynama  The  ( 
from  the  latter,  being  returned  to  the  armature  of  the  motoc^ 
plies  the  greater  part  of  the  power  required  to  dri>x  it  ;  and  it  w 
thus  only  necessary  to  supply  to  the  motor  from  some  -external 
source  the  amount  of  jxiwer  exjjended  in  the  losses  within  the  two 
machines.  As  this  is  but  a  small  fraction  of  the  total  power  deve- 
loped, it  is  more  easily  measured  on  a  transmission  dynanioroct) 
and  even  a  large  error  in  its  determination,  since  it  only  affd 
the  comparatively  small  item  of  the  waste  power,  produces 
slight  error  in  the  result.  The  only  objection  to  the  inclbod  . 
that  it  requires  two  machines  of  exactly  similar  size  and  output 
These  are  driven  at  their  normal  speed  and  approximately  at  th 
normal  voltage  ;  the  field  of  one,  m,  is,  however,  slightly  wcake 
by  a  rheostat  in  its  magnet  circuit,  so  that  its  internal  E.M.I 
(Ej)  is  less  than  the  terminal  E.M.F.  (E|)  of  the  other  machine  (i 
hence  d  sends  a  current  through  m  as  a  motor,  and  by  means  of 
the  rheostat  the  amount  of  this  current  is  regulated  until  it  co 
spends  to  the  normal  armature  current  of  either  machine. 
=  the  total  power  in  watts  supplied  from  an  external  source] 
the  motor  armature,  and  c=the  dynamo  armature  current  wh 
is  also  passed  through  the  motor  armature,  the  fields  of  IkhH  I 
separately  excited.  Neglecting  the  loss  over  the  ■  ■ 
which  can  be  made  as  small  as  we  please,  if  wo  tk 
losses  in  the  armature  resistamrts  of  d  and  m,  the  reraaind 
w  c*(r.  n  +  Raji)  is  thc.toul  loss  by  eddy-currents,  hystertsi*,! 
friction  in  the  two  armatures.  The  field  of  the  one  is 
stronger  than  that  of  the  other,  Ijut  if  the  E.  M.F.  of  u 
slightly  greater,  and  the  E.M.F.  of  m  is  xlighily  less 
normal  voltage  of  cither  machine,  the  error  will  be  very  dlj 
wc  assume  this  loss  to  be  equally  divided  between  the  iwo. 


1           then  the  commercial 

W-C»(R.„  +  R,,)_L.                                        ^m 

efficiency  of  the  dynamo  is                    ^^^H 

1                                             ^^^^1 

^^ 

K,C+d'R,,  +  ^+l                                                ^H 
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Zf■^  Cy,  being  the  watts  expended  in  magnetising  the  field  of  the 
dynamo.  Where  it  is  not  necessary  to  obtain  such  great  accuracy, 
part  of  the  armature  current  of  the  dynamo,  d„  may  also  be  used  to 
excite  the  field  magnets  of  both  machines  ;  in  this  case,  assuming 
the  machines  to  be  shunt-wound,  if  c,  =  the  sum  of  the  currents 
c.,  and  <■.,  supplied  respectively  to  the  armature  and  field  of  the 
motor,  the  efficiency  of  the  dynamo  is 

E,C, 


where 


KiCi  +  C,nIl«oH H^^jD 

2 


It  is  convenient  in  carrying  out  these  tests  to  couple  the  two 
spindles  of  motor  and  dynamo  rigidly  together,  in  one  line ;  but 
it  should  be  remarked  that  when  this  is  done  in  the  case  of  Ijelt- 
driven  machines,  the  loss  by  friction  in  the  bearings  does  not 
reach  its  normal  amount,  since  the  pull  of  the  belt  corresponds  to 
the  transmission  of  but  a  small  fraction  of  the  normal  power.  On 
the  other  hand,  when  the  motor  and  dynamo  are  coupled  together 
by  Ixjlt,  an  extraneous  loss  of  power  in  bending  the  belt  is  intro- 
duced. 

A  further  improvement  of  the  above  method  consists  in  the 
use  of  a  third  dynamo  as  the  external  source  whence  the  waste  of 
energy  in  the  system  is  supplied.  This  auxiliary  dynamo  need  be 
of  but  small  size,  and  may  be  coupled  either  in  series  with  the  two 
machines  which  are  to  be  tested,  or  preferably  in  parallel  with  the 
dynamo.'  When  the  method  is  thus  modified,  all  the  measure- 
ments can  be  made  electrically  by  one  voltmeter  and  one 
ammeter,  and  further,  as  regards  the  efficiency  of  the  two  armatures, 
great  accuracy  in  the  calibration  of  the  instruments  is  not  a  matter 
of  vital  importance. 

'  For  a  (ill!  description  of  these  two  metliods,  see  d  paper  hy  G.  Kapp 
on  '  The  Determination  of  the  EfTicicncy  of  Dynamos,'  Eltclruat  En^neer., 
January  22  and  29.  1892.  For  an  extension  of  (he  method  to  alternators,  see 
Mordcy,  "  On  Testing  and  Working  Alternators,'  Journal  Init.  Eke.  Eng. 
Febniary  23.  1 893. 
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CHAPTER   XXI 

THE   WORKING    AND   MANAGEMENT  OF    DYNAMOS 

In  many  cases  it  is  required  to  connect  two  or  more  dynamos 
the  same  pair  of  mains  in  order  to  increase  the  amount  of  elect 
energy  that  can  be  supplied  to  their  common  circuit, 
dynamos  are  coupled  together  in  series,  although  the  maxir 
current  that  may  be  passed  through  them  is  no  more  than 
current  permissible  in  the  smaller  of  the  two,  yet  the  avaB 
voltage  is  increased.  On  the  other  hand,  if  two  dynamos  of  I 
same  voltage  are  coupled  in  parallel,  the  total  amount  of  currctil 
can  be  increased,  although  the  terminal  voltage  remains  unchanged 
Any  such  coupling  together  of  dynamos  must  necessarily  Ijc  » 
arranged  that  the  working  of  one  dynamo  does  not  int^  " 
the  due  working  of  the  other  or  others  ;  and  as  t). 
certain  precautions  in  their  interconnections,  the  more  usual 
cases  which  occur  in  practice  will  here  be  shortly  considered. 

The  simplest  case  is  the  coupling  of  two  series-wound  con- 
tinuous-current   machines   in    series.     To  effect  this,  it  i 
necessary  to  connect  the   +   terminal  of  one  machine  win     _ 
—  terminal  of  the  other,  the  external  circuit  being  then  applicttl 
the  remaining  terminals  of  the  pair.     Such  an  arra  .  i»i 

unusual  in  cases  of  transmission  of  power  over   . 
where  it  is  necessary  to  work  with  high  pressures  in  order  to  ( 
bine  economy  in  the  first  cost  of  the  copper  leads  with  a  \i\ 
efficiency  of  transmission    It  has  been  already  mentioned  that  i 
delicate  nature  of  the  commutator  hardly  I '■ 
volts  being  generated  in  any  one  continue 
by  the  use  of  two  or  more  similar  dynamos  of  the  closcd-c 
coupled  in  series,  and  each  giving,  say.  i.joo  voV.°     ■ 
^,}A.V.  of  3,400  ot  mote  volte  \s  ul>lained  on  the  < 


WORKING  AND  MANAGEMENT  OF  DYNAMOS 


The  coupling  of  two  or  more  dynamos  in  parallel  is  even  more 
frequent.  In  all  large  installations,  such  as  central  supply  stations, 
as  the  load  increases,  more  dynamos  have  to  be  brought  into  use, 
while  the  original  machines  are  still  kept  running,  and  in  such 
cases,  in  order  to  obtain  the  greatest  economy, .  each  dynamo 
should  be  worked  as  long  and  as  much  as  possible  at  its  maximum 
output  :  this  is  best  attained  if  they  are  all  capable  of  being  worked 
Ln  parallel,  an  additional  machine  being  switched  on  to  the  same 
mains  as  soon  as  the  load  exceeds  the  combined  output  of  those 
already  running.  The  simplest  case  is  that  of  two  continuous- 
current  shunt-wound  dynamos,  connected  in  parallel  by  joining 
their  like  terminals  to  form  a  common  +  and  a  common  —  ter- 
minal. If,  as  is  usually  the  case,  one  machine  is  already  running 
and  excited,  care  must  be  taken  that  it  is  not  joined  in  parallel 
with  a  second  machine  while  the  latter  is  at  rest  or  is  unexcited. 
The  armature  of  the  second  machine  would  then  form  a  short- 
circuit  to  the  first,  and  would  present  no  E.M.F.  opposing  an 
excessive  rush  of  current  through  its  low  resistance.  Hence  the 
second  machine,  B,  must  be  run  up  to  its  normal  speed,  and  before 
it  is  thrown  into  parallel  it  must  either  be  allowed  to  excite  itself  to 
approximately  the  same  voltage  as  that  of  machine  A,  or  B's  shunt 
circuit  must  be  closed  on  the  first  machine  so  as  to  excite  B's 
field  before  its  armature  circuit  is  closed  :  the  machines  may  then 
be  safely  thrown  into  parallel,  and  each  will  supply  a  certain  part 
of  the  load,  the  exact  proportion  in  which  the  total  current  is 
divided  Ijetween  them  depending  on  their  respective  internal 
E.M.F. 's  and  armature  resistances.  The  condition  which  deter- 
mines this  division  is  that  after  deducting  the  volts  lost  by  the 
■■s,c  of  the  current  over  the  armature  resistance  of  either 
ane  from  its  internal  E.M.F.,  the  remainder  or  the  terminal 
voltage  must  be  alike  in  both  machines.  Thus,  if  two  similar 
machines,  similarly  excited  and  run  at  the  same  speed,  be  coupled 
in  parallel,  each  will  take  half  of  the  total  current.  If  the  speed 
of  one  be  now  lowered  or  its  field  weakened,  its  current  will 
gradually  pass  over  to  the  other  machine,  until  when  its  internal 
E.M.F.  falls  to  equality  with  the  terminal  voltage  of  the  second 
machine  it  supplies  no  current  at  all,  the  whole  of  the  load  being 
Uuown  on  to  the  one  machine.     To  uke  a  uuovmcai  ^.^^^ww^V^., 


534 


THE  DYNAifO 


suppose  that  each  machine  runs  normally  at  1,000  reroliitiaM,^ 
and  is  !hen  excited  with  1 3.000  ainpire-tums  giving  ?„=4,50o,ooo, 
and  Ej=io3  volts,  further  that  the  loss  of  volts  over  the  amutue 
at  the  full  load  of  100  amperes  reduces  the  tenninal  voliaee  e,  I 
100  \-olts.    If  the  speed  of  machine  B  falls,  a  i  -f  I 

current  passes  over  to  machine  A.  The  n 
tlie  armature  resistance  of  A  and  the  increased  reaction  of  the 
armature  current  on  its  field  combine  to  reduce  lx)th  its  tnletiat 
and  lomiinal  voltage.  \\'hen  it  takes  the  whole  of  the  i-uacnt,  let 
z.=4, 100,000  be  the  number  of  lines  thai  are  protlu' 
12,000  ampere-turns  due  to  the  terminal  E.M.F.  of  tf2 
other  words,  c,=30o  amperes,  and  £(=92  volts,  give  a  potet 
its  characteristic  curve  for  a  constant  speed  of  t.ooo  revoludc 
This  same  terminal  voltage  will,  however,  in  the  case  of  machine  1 
which  is  carr)-ing  no  current,  give  2^=4,250,000,  and  these  lines 
will  give  an  internal  E.M.F.  of  92  \-olts  when  li  is  running  at 
revolutions.  Thus  the  speed  of  B  may  be  reduced  by  1  o  per  ceil 
before  the  whole  of  its  load  passes  on  to  machine  A. 
that  the  speed  of  the  latter  is  kepi  strictly  constant,  f  >i 
reduction  in  ihe  sjieed  or  strength  of  field  of  B,  its  internal  H.M.; 
falls  below  the  tenninal  collage  of  A,  and  the  latter  tl>en  driv 
a  reverse  current  through  B's  annaturc  :  the  internal  E-M-K  i 
B  +  the  volts  lost  over  its  armature  resistance  due  to  tlie  1 
current  are  then  equal  to  Uie  terminal  voltage  of  A.  'ITic 
of  the  reverse  current  through  B's  armature  \&  to  aatasl  in 
it  as  a  motor  with  the  same  direction  of  rotation  as  before,  witli 
in  any  way  damaging  the  brushes,  and  consequently  it  tends 
keep  up  B's  speed.  The  interaction  of  the  two  machines  thu» 
exerts  a  considerable  influence,  tending  to  equalise  their  speeds 
and  loads,  and  rendering  it  easy  to  work  shunt-wount)  dynamo* 
in  parallel  ;  while  the  share  of  the  current  which  each  machine 
takes  is  easily  regulated  by  altering  its  sjieed  or  its  field-i 
In  practice,  when,  as  is  most  often  the  case,  the  njae 
driven  by  separate  prime  mo%'eTs,  the  cqualisiiv  >— i- 

I  assisted  by  the  action  of  the  prime  movers 

'when  the  load  of  one  njachine  1 

'or  other  prime  mover  falls  and  I 
for  a  similar  rca^ion,  when  a  machine  (ails  to  mainloiii  its  (lut  1 
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of  the  load,  the  speed  of  its  prime  mover  rises,  and  tends  to  keep 
up  its  E.M.F. 

The  use  of  shunt-wound  dynamos  in  parallel  is  therefore 
common  in  central  supjjly  stations  :  as  soon  as  the  load  becomes 
too  great  for  a  single  machine,  a  second  is  run  up  to  speed,  excited 
and  switched  into  parallel  with  the  first,  the  same  process  l)eing 
repeated  as  often  as  required  with  other  dynamos.  When  so  con- 
nected, they  all  supply  current  to  a  common  pair  of  '  omnibus 
bars,'  whence  the  feeders  are  run  to  the  network  of  mains.  As  a 
precautionary  measure,  a  magnetic  switch  is  frequently  inserted 
l.)etween  each  dynamo  and  the  omnibus  bars  :  this  automatically 
flics  off  and  breaks  contact  if  the  armature  current  falls  below  a 
certain  minimum  ;  and  hence,  if  for  any  reason  a  dynamo  begins  to 
slow  down,  it  is  cut  out  of  circuit  before  a  reverse  current  passes 
through  It,  while  its  load  is  taken  up  and  divided  among  the  other 
dynamos  at  work,  without  inter- 
ruption to  the  general  supjily  of 
current. 

Passing  to  series-wound  dyna- 
mos connected  together  in  parallel 
ter  the  same  fashion  by  joining 
their  like  terminals,  we  arc  met  by 
le  difficulty  that  if,  for  any  reason, 
ie  E.M.F.  produced  by  one  ma- 
chine, B,  falls  considerably  Ijelow 
It  of  the  other  machine,  A,  then 

'ihe  current  through  B  is  reversed  ; 
and  this,  since  the  machine  is 
series-wound,  reverses  its  polarity. 

,  The  direction  of  B's  E.M.F.  is 
ansequently  reversed,  with  the 
result  that  both  dynamos  simply 
act  in  scries  round  their  own  internal  resistances,  and  in  a  short 
time  would  be  burnt  up  by  the  excessive  current.  This  diffi- 
culty is,  however,  at  once  overcome  by  the  addition  of  an  extra 
wire  connecting  together  the  two  brushes,  as  shown  in  fig.  j88. 
It  is  especially  important  that  this  connecting  lead  should  be 
of  such    large   cross-section    that    its    xes\s\awt.e    vs*   Yi'aK.Vis:'iS\- 
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Fig.  188. 


—Two  series-wound  tlynanm% 
coupled  in  pondlcl. 
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ineligible  as  compared  with  the  resistance  of  either  of  the  scri 
windings.     By   it  the  extremities  of  the  two  field-windings 
joined  in  parallel,  and  the  current  supplied  to  the  external 
cuit  flows  in  the   same  direction   through  both  and  magnc 
each   equally.     Should  the   internal    E.M.F.  of  machine   B  fall 
below  the  voltage  at  the  brushes  of  ^\,  a  reverse  current 
through  B  driving  it  as  a  motor,  but  as  this  motor  cunent  l!o 
through  the  lead  bh'.  and  docs  not  pass  in  a  reversed  dircctifl 
ilirough  the  scries  winding  of  B,  it  does  not  reverse  B's  |x>larit 
If  the  fall  of  volts  over  bh'  is  considerable,  a  certain  proportion  I 
the  motor  current  may  pass  through  the  alternative  path  oi  bdJi 
but  this  is  prevented  by  making  bb'  of  sufficiently  low  resisunc 
.IS  mentioned  al)Ove.     .-Vs  in  the  case  of  shunt  machines, 
required  to  switch  B  into  parallel  with  A  while  the  latter  is  i 
it  is  necessary  lo  excite  B  to  approximately  the  same  Tolttg 

this  is  effected   by  dosing 
switch  K  while  B  is  running,  i 
immediately  afterwards  switch] 
may  be  closed. 

Series-wound  dynamos  arc, 
however,  but  seldom  required  to 
work  in  parallel,  and  the  ah 
remarks  are  introduced  inasno 
as  they  apply  equally  wtll 
the  series  windings  of  coinp 
machines  when  worked  in  paual' 
lei.  The  arrangement 
adopted  for  these  is  shown 
tig.  189,  from  which  it  will 
seen  that  when  the  switches  are. 

Fit.  •»9.-Twocoinpaun.1w<»oddrninos     clcsed,     not     only     kfC    likc     \% 

c«.pi«imp«i.d.  ,„j„^,j  connected  tojtether, 

also  like  brushes,  exactly  as  in  the  case  of  series  nutchincs  ( 
for  the  same  reason  ;  while,  again,  the  1  ■ 
be  of  negligible  resistance  as  compared  - 
In  order  to  throw  the  one  machine,  May  H,  into  parallel  widi 
other,  \,  when  the  latter  is  running,  it  must  be  run  up 
orojcimatcly  the  same  voUa^e  as  iV,  ihe  cxciuuon  l)eing  pr 
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by  the  shunt  alone  ;  s^^'itch  k  is  then  dosed,  and  finally  switch  s', 
while  if  it  be  required  to  withdraw  machine  B  from  parallel  con- 
nection, its  sjieed  should  be  slightly  reduced  until  it  is  supplying 
little  or  no  current,  after  which  switch  s'  is  opened,  and  lastly 
switch  K.  The  opening  or  closing  of  the  two  connections  in  due 
order  may  be  conveniently  effected  by  a  comixjsite  switch  by 
which  the  contact  at  K  is  made  first  on  closing  the  switch,  and 
broken  last  on  opening  it. 

Alternate-current  dynamos,  with  some  exceptions,  can  also  be 
run  in  parallel  ;  the  whole  question  of  their  parallel  working  is, 
however,  so  complicated  that  sjiace  will  not  permit  of  more  than 
the  merest  outline  of  the  subject  being  here  given.' 

If  two  similar  alternators  be  running  at  exactly  the  same  speed 
with  E.M.F.'s  rising  and  falling  together,  that  is  to  say,  if  they 
synchronise  in  phase,  and,  further,  if  they  are  giving  equal  voltages, 
then  so  long  as  this  condition  of  affairs  lasts  the  armature  circuits 
of  the  two  machines  may  be  coupled  together,  and  they  will  run 
in  parallel,  dividing  the  load  between  them  in  proportion  to  the 
power  supplied  to  each.  If,  however,  the  phase  of  the  E.M.F.  of 
one  machine  does  not  synchronise  with  that  of  the  other,  or  if, 
as  it  is  termed,  the  two  machines  are  not  'in  step,'  then,  even 
though  their  speeds  and  effective  voltages  are  identical,  the 
E.M.F.  of  one  may  be  rising  when  the  E.M.F.  of  the  other  is 
falling ;  hence  a  fluctuating  current  will  pass  between  the  two 
armatures,  and  this  may  reach  such  intensity  as  to  render  the 
working  difficult  or  positively  unsafe.  Now  in  practice  the  above 
conditions  for  successful  parallel  working,  viz.  perfect  synchronism 
and  efjuality  of  voltage,  will  seldom,  if  ever,  be  exactly  fulfilled ; 
yet,  provided  that  the  differences  in  the  speed,  phase,  or  voltage 
of  the  two  machines  be  not  excessive,  they  may  be  switched  into 
p.irallel  ;  and  from  the  mutual  control  which  they  exert  up>on 
each  other,  they  will  fall  into  step,  and  continue  to  run  together 
satisfactorily.  In  order  that  the  difference  of  phase  may  not  be  too 
great  at  the  moment  when  they  are  connected  together,  an  instru- 

'  For  further  information  see  Hopkinson's  Original  Paftrs  on  Dynamo 
Marhinrry,  p.  149,  ff.  ;  Mordey,  Journal  Insl.  Eltc.  Eng.  vol,  xviii.  pt.  81, 
1889  ;  Swinburne,  iM.  vol.  xx,  1891  ;  and  Fleming's  AlttrHate-currttU 
Tramforitui,  vol.  ii.  pp.  3SI-364. 


5o8 


THE  DYNAMO 


ment  called  a  '  synchroniser "  or  '  phase  indicator  '  is  employed^  i 
which  (ig.  190  is  a  diagrammatic  sketch.   On  a  bmiruted  iron  con 
three  coils  of  insulated  wire  are  wound  as  shown  :  oi' 
nccied  to  the  terminals  t.,,  and  i.,j  of  alternator  a,  c,  i 
Tti  and  Tb)  of  alternator  b,  and  c,  to  the  terminals  ot  an  incaa 
descent  lamp,  u.     The  whole,  therefore,  forms  a  small  transfor 
having  two  primar)-  coils,  c^  and  Cj,  and  one  common  secondary,  i 
The  primaries  are  so  arranged  that  when  the  two  machines  arc 
phase,  sufficient  E.M.F.  is  induced  in  the  secondary  to  render  1 
lamp  /ully  incandescent,  while  if  the  machines  are  in  diffe 
phases   the   lamp  does  not  bum   so   brightly — the  greater  tt 
difference  of  phase,  the  less  being  the  light.     .Vssuming.  then,  ih 
one  machine  is  already  at  work,  and  that  it  is  desired  to  connect 


Attlnuitvr  A  Mttf^at.-  It 

Flo.  igo. — Syochninucr  for  coupliog  allematon  in  iHUalld. 

another   in  parallel  with  it,  the   procedure  is  as  follows  : — "K 
second  machine  is  run  up  to  its  full  .speed,  and  its  field  excited  I 
give  a  voltage  slightly  higher  than   the  working  voltage  of 
first  machine  ;  the  synchroniser  is  switched  on  to  tlie  two  alb 
nators,  and  if  they  are  not  in  step,  the  light  of  ihe  lamp  pu 
intervals  of  darkness  rapidly  succeeding  intervals  of  brij;h 
the   speed  of  the   second   m.-ichine  is  then   adjusted   so 
lengthen  the   intervals  of  brightness,   and  at  the   instant 
the  two  are  coming  into  ph.ise,  as  shown  by  tin 
steadily,  the  switch  k  connecting  the  armatures  logt 
the  operation  is  then  completed,  and  the  synchroniser  nMtjTj 
switched  off.     When  it   is  desired  to  shut    ' 
mixchmci,  ii  is  only  neccssai^  \o  xedvicc  its  >. 
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all  the  load  is  taken  by  the  other  machine  (or  machines),  and  then 
to  switch  it  off  the  mains. 

Alternators  cannot  be  run  in  series,  for  as  soon  as  one  falls 
the  least  behind  another  in  phase,  the  lagging  machine  has  the 
greater  part  of  the  load  thrown  upon  it,  which  causes  it  to  lag 
more  and  more,  until  ultimately,  when  the  two  settle  down  into 
exactly  opposite  phases,  their  E.M.F.'s  neutralise  each  other,  and 
no  current  flows. 

It  remains  to  add  a  few  remarks  on  the  fixing  and  working  of 
dynamos  in  general.  In  the  first  place,  good  foundations  are  as 
much  an  essential  for  successful  working  as  a  good  dynamo,  inas- 
much as  any  vibration  is  most  detrimental  to  the  life  of  the 
armature,  commutator,  and  brushes,  and  if  transmitted  to  the 
surrounding  floor  and  walls  will  prove  a  constant  source  of  annoy- 
ance, 'i'he  ground  should  be  excavated  until  a  sound  and  solid 
bottom  is  reached,  on  which  may  be  built  up  a  foundation  of  con- 
crete, or  concrete  and  brickwork,  sufficiently  massive  to  absorb  and 
damp  the  vibration  of  »  fa.st-running  dynamo.  The  interposition 
of  a  few  thick  sheets  of  fell  between  the  base  of  the  concrete  and 
its  seating  assists  in  deadening  the  transmission  of  vibrations. 
With  small  dynamos,  l-ewis  bolts  having  a  tapering  shank  of  rect- 
angular section  with  jagged  edges  are  used  to  hold  down  the  bed- 
plate or  slide- rails  :  the  square  holes  required  for  these  bolts  are 
cut  into  the  concrete,  their  position  l)eing  marked  ofl"  usually  from 
a  wooilcn  template  of  the  slide-rails,  and  when  these  latter  are 
laid  down,  the  liolts  are  dropjied  in  and  fixed  by  lead  or  sulphur 
cement  run  in  round  them.  \Vith  larger  dynamos,  long  holding- 
down  bolts  are  used,  passing  right  through  to  the  bottom  of  the 
concrete  and  terminating  nt  their  lower  end  in  large  square  plates. 
The  holes  for  such  bolts  are  fornied  in  the  concrete  by  inserting 
long  tapering  wooden  boxes  of  square  section  ;  when  the  bed- 
pUte  or  rails  are  in  position,  thin  cement  is  nm  into  the  holes 
thus  formed,  until  they  are  full,  and  is  then  allowed  to  set  without 
disturbance.  In  other  cases,  large  blocks  of  timber  are  enibedded 
in  and  bolted  down  to  the  concrete,  and  on  these  the  rails  are 
fixed  by  coach-screws.  In  all  cases,  the  upper  surface  of  the 
I  should  l)e  carefully  levelled  with  a  straight-edge  and 
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When  driven  by  belt,  it  is  essential  that  the  dynamo  %h 
set  square  with  the  driving  engine  or  shafting,  in  order  that  the 
belt  may  run  fairly  on  the  centres  of  the  two  puUe)"*.     'I 
ascertained  by  taking  a  length  of  siring  and  stretching  it  U>^,.v 
from  the  far  edge  of  the  driving  pulley  or  fly-wheel  to  the  dynan 
pulley';  when  the  string  just  touches  the  near  edge  of  the  drivil 
pulley,  its  transverse  distance  from  a  centre  line  drawn  round  i 
dynamo  pulley  should  be  the  same  both  on  the  side  nearer  to  the 
engine  and  on  the  side  farther  from  it. 

Tlie  l>elt  itself  should  be  soft  and  flexible,  and  joined  into  i 
endless  Ixind  either  by  a  cemented  and  riveted  joint,  or  by  I 
fasteners  with  a  ball  joint  ;  a  lapp>ed  or  Inced  joint  causes  a 
each  time  that  it  passes  on  to  the  dynamo  pulley,  which  gives  i 
to  vibration  and  fluctuation  of  the  E.M.K.,  together  wit! 
Wherever  possible,  the  direction  of  rotation  should  Ix 
the  under  side  of  the  t)elt  is  the  tight  or  driving  side. 

Perfect  steadiness  of  driving  is  of  great  importance, 
for  direct  incandescent  lighting  ;  a  very  slight  fluctuation  in 
speed  of  the  dyn.imo,  ei-en  though  it  be  not  great  enou 
sparking,  is  immediately  discernible  as  a  pulsation  in  i 
the  lamps,  owing  to  the  slight  change  of  E.M.F.  to  which  it  gi» 
rise.     On  this  account  most  of  the  present  types  of  gas- 
engines  are  inadmissible  for  direct  lightmg  owing  to  their 
fluctuation  of  speed  during  each  revolution,  even  when 
heavy  fly-wheels.    U'hen  such  prime  movers  are  used,  i; 
is  usually  worked  in  conjunction  with  an  accumulator  battery,  i 
even  then  it  is  advisable  for  the  dynamo  to  be  itself  fined 
heavy  tlisc  fly-wheel.     In  such  cases,  the  secondary  cells 
never  l»e  placed  in  the  same  room  with  the  d}7iamo,  since 
cotton  ur  other  librous  insulation  of  the  dynamo  wires  is  rapi4 
attacked  and  eaten  away  by  the  acid  fumes  given  off  during 
process  of  charging. 

After  the  machine  has  been  fixed  in  position,  the  anna 
should  be  turned  round  by  hand  to  see  tliat  it  revolves  trttAy  i 
that  nothing  is  loose  ;  it  should  then  be  run  for  some  tin»c 
the  brushes   raised  (rom  the  commutator,  in  i 
alignment  of  the  b<.-.''  •na 

.TJin^finc-iit  of  llu' Vitu 
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quires  careful  attention:  usually  two  lines  are  cut  on  the  gun-metal 
collar  of  the  commutator  next  to  the  outer  bearing  (these  lines  being 
in  a  2-poIe  machine  diametrically  opposite  to  each  other),  and  to 
them  the  brushes  must  be  set,  the  tips  of  the  brushes  carried  by 
one  arm  of  the  rocker  being  in  line  with  the  one  setting  mark,  and 
those  of  the  brushes  on  the  other  arm  in  line  with  the  opposite 
mark. 

All  screw  contacts  should  be  firmly  screwed  up,  and  any  dirt 
Of  lacquer  (if  such  there  be)  on  the  points  of  binding-screws  should 
be  cleaned  off.  Want  of  contact  of  the  brushes  on  the  com- 
mutator or  elsewhere  may  cause  a  failure  of  the  dynamo  [o  excite. 
The  electrical  connections  should  be  carefully  examined  and 
verified  ;  and  on  starting,  it  should  be  borne  in  mind  that  a 
shunt-wound  dynamo  will  not  excite  on  a  very  low  resistance,  or 
a  series-wound  dynamo  on  a  very  high  resistance.  If,  therefore,  a 
shunt-wound  dynamo  fails  to  excite  even  when  the  main  switch  is 
open,  a  short-circuit  in  the  leads  may  be  suspected.  Or  if  a 
series-wound  dynamo  will  not  excite  with  its  normal  external 
circuit  closed  by  the  main  switch,  there  may  be  a  discotmection 
either  within  or  outside  the  machine.  Any  such  difficulty  will 
usually  be  solved  by  testing  with  an  ordinary  linesman's  detector  ; 
or  in  default  of  a  solution,  the  connection  of  the  brush  leads  to 
the  field-winding  should  be  transposed. 

As  the  brushes  wear,  they  must  be  fed  forward  through  their 
holders  ;  and  if  they  do  not  then  bed  properly  on  the  commutator 
over  their  entire  thickness,  their  tips  must  be  filed  to  the  correct 
angle.  For  such  trimming  the  brush  should  be  clamped  in  a 
vice,  with  a  plate  to  supjwrt  it  at  the  back,  and  filed  with  a 
smooth  file,  the  strokes  lieing  made  towards  the  extreme  tip. 
When  a  we.'n  set  of  brushes  requires  to  be  l)cdded,  it  may  be  con- 
veniently done  by  tying  .'i  piece  of  emery  paper  accurately  round 
the  commutator,  and  running  the  armature  slowly  while  the 
l>rushes  are  pressed  on  to  the  emery  paper.  After  any  such 
o{)eration  the  tips  of  the  brushes  must  l)e  cleaned  from  any 
adherent  copper  dust. 

I'or  tlie  filling  of  the  lubricators,  copper  oil-cans  should  invari- 
ably be  used,  since  iron  cans  are  liable  to  be  drawn  to  the  magnet, 
nnd  thereby,  perhaps,  cause  damage  b^  ca\c\\vi\'a,YCk'Cc\&  ■!ix\«»x»x^-i 
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AQ oil-pipes  and  waste  oil-chambers  require  o<   asi  nil  attc 
to  see  that  they  are  not  clogged.     If  from  any  iiLglecl  in 
respect,  or  from  original  defective  construction,  oil  creeps  fn 
bearings   on    to    the  surface   of    the   commutator,    it 
cartx>nised  by  any  sparking  at  the  brush-tips,  and  forms  a  thin 
ducting  film  which  bridges  across  the  strips  of  insulation  betwe 
the  segments  of  the  commutator,  the  result  l)eing  a  loss  of  E.M.f 
due  to  the   local  leakage  which   ensues   between   neighbourio 
coils  ;  while  if  oil   ftirther  makes  its  way  on  to   the  armatu^ 
winding,  it  has  a  deteriorating  effect  on  the  protecting  v;imt; 
and  causes  adherent   deposits  of  dirt  and   copper   dust.     Tb 
dynamo  should  therefore  l>e  kejJt  clean,  and  in  especial  its  i 
mutator  requires  scrupulous  care  on  this  point.    The  use  of  i 
lubricant  on  the  surface  of  the  commutator  is  to  be  deprecated  ^^ 
except  at  occasional  inten-als,  when  a  little  vaschne  smeared  un  a 
piece  of  clean  rag   may  be  rubtjed  on  while   the   aniutuic 
rotating.'     The  dark  burnished  lustre  which  m.iy  be  seen 
commutator  of  a  good  non-sparking  dynamo  is  tlie  sure 
of  a  careful  attendant.     Occasionally,  Ijefore  s  fine  i 

doth  may  be  applied  if  the  surface  shows  si_  aring 

grooves  and  becoming  uneven.     If  a  flat  begms  to  develop  oo 
one  or  more  segments  (p.  391)  it  should  be  filed  out,  the! 
ments  on  each  side  being  carefully  rounded  so  as  to  retain 
as  possible  the  cylindrical  surface  of  the  commutator.     Bui  j 
disease  has  gone  too  far  for  such  remedy,  the  annature  ma 
put  in  a  lathe,  and  the  commutator  surface  turned  up  true  ; 
tool  should  be  sharp  and  finc|X)intcd,  and  the  f     '    ■-     ' ' 
light,  so  as  not  to  drag  the  copjier  over  the  insir 
mica  :  after  turning,  it  should  be  lightly  filed  with  u 
and   Anally  examined   to  see    that   no    particles    uf  c*""* 
embedded  in  the  mica,  and  bridging  adjacent  segnic:ot> 

'  to   high-tension   u|ien-cotI  machioes  «dlh   sli-tnsulatt(iO  <Uvi<t>ng 
st-gments  of  ihc  coinmulator,  oil  may  \ye  more  freely  used. 
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auction  in  armature  uf,  358,  493 ;  insu- 
lation of,  343,  453,  454,  461  ;  multiphase, 
X5S;  output  of,  loi,  104;  parallel  working 
<»»  453i  4^2^  507;  periodicity,  144,  150. 
164  ;  power  of,  06;  pull  on  inductors  of, 
949:  ratio  ofwiaths  of  winding  and  field, 
X34  :  Ferranti,  456  :  Hopkins4)n,  4^3  ; 
Kmppt  454 ;  Lowne-Parker,  449 ;  ^lordcy, 

Amperes,  4 ;  eiTecttve,  103 

Amp^*stream  on  armature,  380 ;  maximum, 
<Hi  bipolar  dynamo,  380,  38^,  478  ;  on 
maltipolar  dynamo,  384 

Ampire-tums  on  electro-magnet,  37;  relatiun 
to  M.M.F.,  30,  388  ;  to  H,  38,  317 

Amp%re-tums  of  armature,  380 :  l>ack  and 
cross,  393,  36^,  370,  375 ;  in  alternators, 
393,  495  :  maximum,  379.  38'^,  384,  478 

Ampire-tums  of  field-magnet,  calculation 
01,  a86,  394,  310,  3i.{,  480,  496 

Analogy,  hydraulic,  to  dynamo,  3,  4,  6,  61  ; 
of  electro- magnetic  and  eIectro-d>'namic 
equations,  68  ^  of  electro- magnet  to  l>attery, 
3a;  of  inertia  to  self-induction,  80;  of 
magnetic  and  electric  circuits,  39,  3i6 

Angle  of  lag,  99 

Angle  of  lead,  351,  366^  370,  374^  385.  444 

ABiMaltnK  of  iron,  331,  334 

Arc  lifting,  t^  338 ;  dynamos  for,  33B, 


343,  440 ;  vtdt  Brush,  and  Thomson-Hous- 
ton 

Armature  of  electro-magnet,  32,  34  ;  of 
dynamo,  105 

Armatures,  tyj)es  of,  vitU  Closed-coil,  Disc, 
DiNCoidal,  l>rum,  Nfultipolar,  Open-coil, 
and  King  ;  balancing  of,  257  :  heating  of, 
i^i^e  Heating ;  proportions  of,  257,  473, 
493  ;  magnetic  pull  on,  fu'4/e  Pull 

Armature  ampcre-tums  ''«^  Ampcre-tums 

Armature  bars,  344  ;  effect  of  their  width, 
I        yj,  345  ;  T'/Vr  Stranded  and  Twisted  Bars 

Armature  cores,  106 ;  function  of  iron,  112, 
I  117;  non-magnetic,  106,  460,  466;  rota- 
'  tiun  of,  112,  333:  construction  of,  from 
iron  discs,  234,  235,  351,  415  ;  from  iron 
tape,  334,  237,  433,  441,  454;  from  iron 
wire,  3,)4,  336  ;  insulation  of,  243,  453, 
475.  477 ;  lamination  of,  233,  315,  415, 
433,  437,  434,  460 ;  vMe  Toothed  Arma- 
tures 

Armature  inductors,  driving  of,  350;  pull 
on,  73,  249  ;  vidg  alsu  Armature  Ikirs 

Armature  reaction,  ftW<  Reaction 

Armature  resistance,  fit/£  Resistance 

Armature  shafu,  258 

Ascending  curves  of  magnetisation,  317,  320, 
291 


Back  ampere-turns  of  armature,  393,  :/>8, 
375*  383 :  effect  on  characteristic  curvo, 
3»7i  337t  34^1  348»  37*5  ;  of  alternator,  293, 
■♦<>3.  497 

Back   E.M.F.,  of  motor,   Cj,   84;    of  self- 
induction,  79,  84 
I     Balancing  of  armatures,  357 

Ballistic  galvanometer,  37,  314 

Bar  inductors  for  armatures,  344,  34^) 

Bar  magnet,  9,  13;  analogy  to  solenoid,  2.)  ; 
lines  of  induction  in,  35 

Bearings,  341,  380,  382,  384,  4^,  435,  4^, 
I        464 

Belts,  510 

Belt-shifting  gear,  43^ 
'    Bending  movixenx  cA  ^tah&^  ^'v) 
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-f  annatureft,  048,  477 
ir*s    109;  cooliniiouf-ciiiTtnt, 
.to:  niaxinium  aiup^re-stnuun 


Koblnufc.    of  armature.   460,   466  :  of   field- 

inapiets  965  :  viiie  Field -Duipnvl  CoHs 
ItnL<i)  dynamo,  173,  174,  39a,  413,  441 
Ifru^ii  Klcctrical  Enginterinc  Co.,  4)3,  441 

U'  •  t...v.  fl,  III.  146,  35J.  590,  «i,3(Q3.  43». 
.  .  :,  -,11  :  leftj  of,  351.  '59.  3w,  370,  374. 
4M  width  of.  3SJ.  389,  390.  4j»  :  in 
I'hoimon-Houston  d^'namo,  177*  44^ 


Campbw  volimetef,  103 

ra«l  iron,   »>cs  »i.  *^:  for  field'inAglMts, 

;&:>,  =77,  414  ;  induction  in,  2fo 
Lft'l  M«I.  aJI,  26a 
C.G.S.  «ysiem,   15,  16,  30,  45,  66,  8s.  117, 

Crniral  stations,  dynamos  for,  338,  43i«  437, 
^.        ■  ^    ■        -'^?t ;  working  of,  ^3,  ^5 
^H  1  -ce,  34a,  348,  440,  4S1 

^^V  (  curves,    of   dyriauKH,     390  ; 

■  -hum.  .;j_'.  j37;»«rTe»,  540 ;  compotind- 

I  wuuml,  344.  349 

I  CliurQM)-iit>n.  til,  334 

I  Circuit,  electric,  3  ',  uiBftielic,  ^dt  Magnetic 

L  Circuit 

^^^1  Cir«-^u<nfcr«nliAl     speed,     nWlr      Peripbenl 
^M     Spee<l 
^^^v  dttkNifiCiitinn  of  d^TiamoB^  108 

ClcMed<Dil  armatures,  >8a,  331 

Closed  curves,  of  lines  of  inducUoo,  9i,  14, 
77 

Coercive  force,  219,  ssi,  ttt 

Collectinc  rin^s  11 1.  il7i  <3ii  H^»  45«>  IS^i 
.      4*51,  463 
Cominerctal  efficiency,  vid*  Efficiency 

Commutation,  118,  169,  183,  357 
Coniinulalor>,   8,    119;  o^  cli>*«d-CoiI  arfna* 
lure*,  189,  >55,  501 ;  con».tniction  i>f,  190, 
tf3><  '54>  39^^  i  number  •■  -•   ^<f>% 

*».  378,  387,  388,  4ja,  I  -len- 

ttal  iu.  I J3.    .'-5  ;  ti-'-  ..f  r     as 

4.)..,  at.d 

Sj-  .7». 

«73.   1  .  i9»i 

443,  ii:  ;  c;»rt  uf,   51;/;  ll.U^  pd,  jyi,  51* 

Compawk*nccdle,  9.  13,  18,  »o 

CouipOUtid-wouml  .'• -'     -■-     ;-T  ;  cha- 

raLteri^lic  tuivt  s  of, 

^8  ;   loni:  and    ■  ■  illcl 

wi*rkin^    -  f  ,  ,.v.i.i,  jso, 

396  .    Wlli-^ 

Conne*'"*--  n* 


""•iJS^" 


<![V  

reJ;i. ^::,.  -,..,      i,  rUt  Vi- 

cj*nc>- .   t.M.F.  o*,   «i»  .  ndiMim  o<, 

FtW/    Compcnind-wrmnd,    S«ric9»    Sbunl ; 

haling  of,   «io  .  u*t«  oT.    •»»  ;  vidt  al« 

Output,  Parallel  Workins  i 

Cooling  surfact.  75  :  of  annature,  «i>4,  ,n,  | 

41),  477.  49«:  of  fi«lii-nu«)Mi  oathk  •(t.J 

40J.  400 
Copper  wire,  8,  61 ;  ma»tjnfe«f.  Ji»,  JH't 

»,^  alw  Insulation 
Cote,  iron,  of  solenoid,  33,  >6 
Cores,  armaturr,  vuU  Aniantre  Con*  . 
Cores,  mafnet-,  loj 
Coulomb,  4 

Covering,  vtdt  In<uUtton 
Crompinn,   4-pole  dynamo.  4)4: 

ban,  aat.  43'.  437 
CltUa  auptre-tumi,  \63.  }7t,  3X9.  1*1 
CroM-cooncction  of  commutator,  .-•xs  r>4(  135 
Ctinent,  flow  of,  «,  a.^'  '\'"" 

«clf-intluction  due  to,  7 
Currtnl-theeu,  lija,  j6o,  )»■. 
Curves,  characteristic,    vH* 

L"ttr»e* 
Ctirves  of  I'   ^ ' 
tij  ._  of    - 
continuous 
I7»,  177,  '&4 

Cttrves  of  magnetiwtion,  cmiaactin^  I  uA 
H,  J17,  >jo;  ofdytumo,  jis  U^  W^t^ 

Corvci  of  rate  of  change,  I» 

Curvei,  >iiw,  s«,  89.  99i  »<"■  4*1 

Calling  of  Ui>es,  39 ;  taw  of,  m  ■  *T  •  *•■ 
conductor,  67  ;  of  cooductor  by  lla  in" 
line*,  76 

Cycle,  magnetic,  a<3 

nEFiKiTiOK     of,    dynamo,    1  . 
energy,  >  \  induction,  aa,  as ;  pefv 
li,  ]?;  (iiich,    131.   trailing  aad 
J5S;  unit  N.  iwle.  tj.  1  j 

Deptf-i— .,„!    ,.,;,„ 

De, 

Di>: 

Di.. 


Dill 


ip.vt4»,   fjl      !• 


i  of  enei^f)',  j,  M 


t»f ' 


ii. 
n.- 


INDEX 


Duootdal'ring  ftltenutors,  lupolftr,  tax,  t}i  ; 

b^«t   widthi  of  winiUiig  and   field,    133  ; 

muliipolar.    145.    147.   152,   154^  757.  404; 

ilmgn  cif,  493  ;  ^ApPt  454  ;  unipolar,  128, 

158,  161,  4vr 
Ducoidal-ring  arouuures,  131,334,037,149, 

•5*^.  '58.  433.  MI.  454.  493 
\>^-       '.'il-nng  contiauo  us -current  dynamoA. 

[    I      Mnnh.  441  ;  Victoria,  433 
l<  -  ^wnding,  121,   128;  rilrfr  Di»< 

.  iteniaton,    AmiAtureft,    ami 

t  urrent  Dynamos 

Dues  if^)<(  fui  armature  cores,  aai,  934)  935* 

415 
DulorLion  of  field  by  armature  reaction.  365 
Dotiblc-wound  drum  armature,  389 
Driving,  pof-itive,  of  core,  249 ;  of  inductors, 

»50.  437 
Drum  alternator*^   bipolar,    117,    131  ;   best 


widths  of  winding  and  field,  (39;  multi- 
polw.  145.  .»47,  149.  »S5.  aS7  ;  Ho]  " 
4$3;  Lownc'Parker,  449 


T^nirii  armatures,  core-discs  for,  234;  coii- 
^'■"■lionof,  335,  4?2;  for  alternators  25^, 
4  : ,  4S3  ;  vide  Drum  Alternaton  ;  for  con- 
tiiiuous-currcQt  machines,  amp^e-iuniji  on, 
360.  jM  \  commutator  oi.  378,  jBfy,  474  ; 
heatinc  of,  410,  411;  induction  in,  258: 
maximum  ampctc -stream,  379,  382,  ^85 ; 
proportions  oi,  >sB  ;  radial  depth  of  di»cs 
i\Z\  resis.uitce  of,  »s6  ;  rise  of  potemiat 
in,  104.  wiiKling  of,  194,  204,  244,  2<to: 
ili>ut>le-  iuiil  trctJc-wound  bipolar,  3S9. 
43.*  ;  parallel -wound  multipolar,  ao8  ; 
wries-wuunJ  multipolar,  309;  viat  End- 
connections 

Drum  continuous -current  dynamos,  118 . 
leakage  in,  308  .  z'ttir  Drum  Armatures ; 
Allen.  437 ;  Crompton,  436  ;  Edison- 
Hoplcinbon,  433;  Siemens,  433 

Drum  winding,  T17  ;  vidt  Drum  Altemaiors 
and  Armatures 

D)'naino,  dual  nature  of,  1,  -j,  10$  :  definition 

oC    1  \  action   of.  7  ;  efficiency  of,  7  ;  oui- 

p«f,    *; :  simple  forms  of,  3,  60,    t\\\  hy- 

":'    analog  to,  3,^  4,  o,  61  ;  cJa«sifica- 

'.  to8  ,  bi-,  multi*,  and  uni-polar,  lo*/ 

.16 


Ebtiv-CVRBBNTi;.  in  armature  ban,  sii  345, 
'4*.  351,  4SS,  476;  in  armature  cores,  tyz, 
'17.  ii^,  41^1  4^;  in  p*^)l<:-ptccc«,  350,  408, 
41::,  ^4^  :  u>*A  by,  in  armature,  405,  408, 
-\  I'-ntcDi  of,  406,  497 

K-'  00  dynamo.  431 

£l|tr>-i.tv<;    1:.    :»i.l".,    lOJ  !    -if  AltCnultur,   485 

Bfficiciicy  of  dynA^l..^    7,  .  |f.   1,4,  409:  .tf 
p,-irlii-tit.ir  nii-kcliincs.  ^vi,  (i*',  \p,  444i4!>3. 
'  jTicnt  of,  4^9 
'Llioii  Corporation,  450 
i  .     ,    '  tf  alternator,  95 

ti  ,64 


Electro- magnet  J  33;  analogy  to  electric 
battery,  33  ;  in  dynamos,  27 

Electro- magnetic  induction,  43,  68 

Elcclro-motivc  force.  »  :  how  produced,  39; 
as  rate  of  cutting,  44  .  avcnifie  ami  instan- 
taneous, 45,  192,  211  ;  direction  of,  47,  68: 
due  to  rectilinear  motion,  48,65  :  of  curved 
inductor,  53  ;  of  loop,  54,  57  ;  of  aIlem.itor, 
36,  101  .  of  eddy-currents,  51,  J33;  of  self- 
induction,  vidt  Self-inductiun  .  im^'rrs'ied 
and  resultant,  83  ;  equaiions  for  internal 
PZ.M.F.,  of  coniinuouvcurrcnt  machines, 
213  ;  uf  altcnialor^,  485 

Elwcll-Parlccr  alternator,  449 

End-connections  of  drum  armatures,  195,  244, 
356;  in  multipolar  fields,  307,  411,  437; 
Hopkinwn  form,  424  .  Kapp,  428 ;  Cromp- 
ton, 437 

End-play  of  shafts,  341 

Engines,  Allen,  430:  Brush  Co.'s.  436; 
Willans',  426,  431,  437,  471  ,  speed  of,  471 

Elsaon,  on  armature  ampire-strenm,  380,  389, 
3S5  ;  on  toothed  armatures,  414 

Ewing's  Prof,  theory  of  magnetism,  337 

Excitation  of  field-magnets,  333 :  viU*  Sclf- 
exciiaiion.  Shunt,  Series,  Separately- 
excited,  Compound-wound 

Exciting  nowcrof  electro  magnet,  27;  relation 
to  M.M.F.  30,  288 

External  characteristic,  of  shunt  dynamo, 
330  ;  of  series  dynamo,  340  ;  M  compound- 
wound  dynamo,  34s 


FuRKANTi  alternator,  957,  456 

Field,  magnetic,  8  ;  of  bar  magnet.  9,  t3,  15  ; 
of  straight  current,  19;  of  loop,  31;  of 
solenoid,  is ;  with  iron  core,  33.  26 : 
structureless,  40 ;  M:lf-induced  E.  M.F.,  du« 
to  alteration  of,  80 ;  energy  stored  up  iiif 
84;  of^  armature  ampfcre-lums,  360; 
symmetrical  di:>tribution  of,  in  dynamos, 
268,  iBt,  284,  374,  387 

Field -magnets  of  dynamos,  7,  37^  379  ;  threa 
parts  of,  105,  206  ;  C->hapeid  single  horse> 
shoe.  107,0615  .  bipolar  overtype  horseshoe, 
7.  361,  3(S6,  378,  28?,  308,  174,  417,  4»6  ; 
design  of,  478  .  bipolar  unuertype  horse- 
shoe. i66,  368,  379,  382,  308,433,  430,  4.i»; 
bipolar  double  hor>eahoe,  367,  j68,  370,  311, 
374,  418,  442  ;  iron-clad,  370;  M.inche%fer, 
361,  -kdi,  367^  'sfA,  311,  418:  vidt  Muhi- 
polar  and  Unipolar ;  material  of,  360,  363  ; 
compcirison  of  wrought  and  ca«t  iron,  760  : 
composite,  361,  377  ;  with  cttnse^jueiii  potcji, 
»68.  comparison  of  single  t^v.-X  l.mbie 
hor«cshocH,  3^'8,  J74  ;_dc^i.  ii.rn* 

on,  384^  397;  induction  >  47^, 

495  :  jotni*  in,  77s,  377,  ^  ir  n», 

vidt  leakage  :  length  of,  3'-^  ,  ni.(^neiic 
puU  on,  374,  364;  proportioning  of  arca», 
376,  378,  383  ;  shape  of,  262 ;  frhapiriff  of 
l<tle-pieces,  383,  373 ;  symmetry  of  field, 
368,  jSi,  384,  374,  387;  throttling  of  line^ 
in,  »7<s  11%,  Av'SI^ 
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FieM  n. 
lums  t 


..lurc 


rilnvs  iruii,  14,  ig 
KIai^  uii  commutator.  3^1,  517 
I'liictuAtian  of  E.M.F.  in  cla»«i-coil  arrna* 
lure*,    185,   510;   in  open-coil  nroMturcs, 

165,   168.   174.  44t 

rty-wttrcl,  Analogy  to  sclf-uiducdon,  61,  8$, 

^,  y6  ;  on  d)'iwimo,  510 
torU-,  »,  Prof.,  role*  for  mafcnetic  leikasv. 

'>>.  3>3 
roTiiicns,    ri'rff     FieJd-maffnet    CoiU    And 

Toiicault  currents,  vidt  Eddjr-currents 

FoiiitilAtinns  S^ 

Kotir  pole  dynamos  «7i :   with  Iwo  ungle 

hi\r«aliocs   J7»,    31s;    Croinntoa\  4t6 ; 

with  dtvid«.^  inrciiMS  ^3*  3M  ;  Vtdoiu,  4S3 
Free  pote,  10,  ij 
Frequency,  rsA*  Periodicity 
Frnitff  of  air  gap.    37,    113.    >37.   »V7t   375. 

494 
FimdaunrntaJ  equations  of  dynamo,  53.  66 


Ga&-ekci>*e5,  510 

rterm&n-«ilver,  ^48,  466 

Gn  mnie  wimting,  1 1  s,  >03 ;  viJ*  Rinf 
Winding 

Ouii-metal,  a&  a  majEneiic  inuilalor,  33,  ai6, 
431,  43»,  46$,  466  ,  hutt  for  ring  urmjUum, 
9A5*  138,  416;  in  comnmtalors  «3ii,  417 


Mf 

•< : 

>tft 

i.l. 


1-4 1 

HcAccr  Aitnieck,  Z17 


all 
naiii 


"M  *r 


Morns,  on  polc-pteccs,  9ft|.  4471  ^ 

HofTc-poiref.  6 


r»j      cr3«t^y   i« 

:  in  djmiMioa,  *^  1 


lMrK»  .1  I.  I    M  K  .  8i: 

f.jf.  03 
tndtictajic*,  81,  81 

Indui 


dcilin.tMii  of  airtm 


of, 

47;^- 

«>'^.  ■■-,  "i.  ;jv.d 

»7 '■ 
Indmi     .    ^    ,    ...       .,,.    ..i^  ..I   .vf  »u»fa 

50.  *4S 

Inutia,  arutogy  to  attf-ukluclli-i 

'        ■  iiiftgnetic,    »9;   4*f    h#I<f,  jKi  I 

I  r  annaturc  ootr*,  S4s,  fjj^  <^  1 

4;;  .  Ucwcen  lamiac  of  amaKW*  '*''% 
»33.  ^35.  tAa;  ofcofi^f  wv»,  i««,  cTSi* 
fortnerf,  5** 

Iiuulatcrv,  niagnvik,  %},  »t6 

Inlerartimi  'iftwn  A(>M:«,  Aj.  y^j,  ^ 

IntcrU  I  ■.    .;ap 

Inter] 

Irun.  '■     •■    ■•* 

ai<^ 
of. 

4i 

»34.  0- 

Iron-cUd  djmanus  ijit 


JtiHN&ijN   and   PhilUpk'  ring  dfnanMi  «iDI 

Jotntu,  pffwci  <<f|    ' 
tfT7  ;  <Jti  Mrnuiiui^ 
Joulv,  iiy6 
JouriiaU*  a^i 


mi 


V-.  =  ciiatt.'rvxcMiM^of  *«lf->imtiKi 


t  Mre 

'  exciting  pt»wcr. 
<<t  1    n>ea«.uretneni    of, 
■J.  unniiMirr.  258,  311 
.  310,  31a 
l^t-liAnded  winding,  tj7,  195 
l,ettx'«  Uw,  6e 
Luw,  ncutnti,  170,  356 
Lioc  of  mjulnium  field.  17U 
l.i-       '  '*T.  357 

2.1  I  ?,  13. 15. 19,  *i ;  ututC.G.S.. 

Kapp  line,  46.  as  uppuscU  U> 
Ii   -  1  lion,  14 

Lii'»  ■  ■.';  I'. 11.  lion,  B4,  a6 
Lut.^-viiu.-ii  L<tnii»mid  wtnUing,  344 
1>-Krp«  iii  amuiture   winding,   formation   of, 

t  I  ',.    I  »T,    131,    !_'^.    177 

L'.  -  .ct 

:  1  ■,  ^- 

.i-ir.  441^ 
t..niiii,-iii-jii,   ur    ii>.-.iiti|;s,   41S.  460,   sii;or 
onimuutar,  jia 


BlACihar.   bar,  9,   ts;el«ctro-.   73:  pcrma- 
'■"■'    ^t  *7*  "3 :  o^  dynamo,  titU  FteUl- 

circuK,  txituiion  for,  •9,  39,  y4^  36, 
ivided.  967,  770,  r7>  ;  joiiiU  in,  175, 


rifi.i,  t/.fi 

field 

y^  Induct  tun 

i./f  lti«ljibilit) 

-;c 

■  It  (I. 

■' 

13.  11.4. 
,  vii,  >»3  ;  in 
It  Indunlon : 


Magncto> motive  force,  30,  a83 :  of  Armttture 
ampcre-tufTM,  361,  363,  368,  371  ;  of  field- 
magnet,  35,287,  ayo.  304:piirf*Aiiiptre-tunii 

Main  or  Kries  c»ill*,  33t>:  viUi  Compound- 
wound  Dynamos 

Mancbe«cer  (|ynqm<>,  41S 

Manchester  fi'  .  418 

Mather  .-in>l   :  1  dy. 

ium.>,    4-M  453  i 

Manchester  liyiuuiUk,  4i5 

Mechanical  energy  alittorbcfl  by  dymimo,  7, 
N<  73>  ■'i^i  4'/>  •  ^'f*^^  Efficiency 

iMcchjiniaU  pull,  r'/>/ir  Pult,  Magnetic 

Mica,  on  armatures  743 ;  in  cummutntors, 
»9tN  »5».  ■■'54.  390 

Molecular  theory  of  induced  magnetism,  136 

Morde>*,  aJiemaior,  461;  W.  M.,  on  eddy- 
current  te^t4,  40$,  468,  Jul 

Motor,  electric,  68,  S4,  497 

M.  vu/r  Permeability 

Multiphii*ic  jltern:it»r^,  155 

Multipolar  4rmnturc«.  vi'dt  Multipolar  Dy- 
namos nnd  Magnets 

Multi)tol;ir  tlyiiiimrK,  to^,  110 ;  nltematurs, 
t'ui^  Alternator*:  continuous-current  ma* 
clunc«>,  307,  aog,  au.  284.  arniaiurr  aoi- 
pirc-turns  in,  381 ;  advantage  of.  365,  yf>, 
41a,  436,  438:  Crompion  4-pole,  426;  Ste- 
men»  and  HaUke'»  lo-polc,  438 ;  Victoria 
4-pole,  433 

Multipolar  magneto,  361,  971,  275*  aSo,  a8|, 
3«'.  3M.  494 


NuDLC,  magnetic,^  13,  18 
Negative  work  in  altema(or«,  97 
Neutral  tine,  170,  356 
North  pole,  free,  10,  14,  ij 


OER-STEnr,  18 

Oil,  for  bearings  418.  4<o.  3n ;  on  cammu* 

talor^.  ;t3  :  thmwcfTi,  7i6,  $xt 
Open  .  ■     ■■•  *et« 

of.;  '74. 

Brii  >A 

Ih  ■:.  c.  i+>.  ti«ri»aiUPe 

rca  itciciicy  of,  444: 

Output  oi  il>ii.iiu»"»,  $,  ft>^  .  t'f  aliemalor, 
104  ;  how  liinltMl,  73  :  by  hcuing,  75,  ^(m, 
4»»,  475;  by  hbitrii^"--  -'■  i'-',  30»,  3o5» 
388,  4i».  470:  W  497 

Overtype   «inglc   \f  1  '^i   7»  '*^» 

»78,  28i,  3i>i,  374-  ■*'/•  ♦■"'  ■  "■ "«»  oC.  47« 


-•ik>it  t.ur»cA  wl  dyuumcn,  315.  33>t 

.;..,_,■  ...ng  force,  H,  »i7,  «8,  987 
Magnfium,  ruidualf  fidt  Kchidual  Mugiict- 


Pacinotti.  II);  toothed araiature. ajoi, 413. 

44  ».  444 
p.. ...  ,.,  I  ....maleri  totri,  «35,  J37.  tl}.  433 
I  .n  of  arnuiure  wiiuiing  in  »\. 

.  .i,  iv»,  v^ft,  vSi*  **»^  •  ^  **«^- 


5«« 


THE  DYNAMO 


E.lLr.'t  and  inimufw.  »». 
r  Ud.  an^  «l4.  US, 


»^  4Mil" 


"fc  ••». 


>S9>  ■♦♦-  '<7..  rWE 

lrill|i  llir.    143,    •S*. 

IT,  in:  dK,  — li'niiJtr,  Mi- 

l«f  ■■■■II.  1».  4».«T». 
*>5.«i« 

Mb  «S  IT.  >M 

■,  »«.  M4.  »•«>  »i ;  rf  "fct  J^ 
:  aT  «ium>«  iro.  cM  iraM,  MM 
tn 
iMjuft,  oloiliooaoi;  JAJB*. 

tiilcfc  !■■■.  a»  •}*.  15;.  li^  «^ 
h.  in.  3»«.  J*« 


lae^ia 


,4,s:<'atanKar.g5 
,tm  candaeuc,  (>,  «^  J]  i  >■ 
ifcU.7o:«i 


RcRilMioB  of  nhacc  of«h«inM»i,  M) ; 
•fi: 


3^ 
.  »•».  *♦».  ■ 

4M.44t:  oTitiBMdynas.  jjr 
RciMi««  ■OTCMM  ar  Cdd  Md 

«>.7«  _ 

Rdaeuaoc  aacndic  ja,  u,  )i :  nf  laUfi 

V^  ^  ».  ^  J>*.  10* 
Risiitaal  ■afactism,  ttj,  tv^  nt,  as)^ ; 
RoMiaei  eoib  ia  oadag  dialhllfil 

4ri>  4*1.  MS 
BmiUMirt  of  a. . 

of  «•■•«««.  «g7,4»:oilMlHMn«^/ 

m:."  n    nloC»aytr 

i    ■    1.188 

riMiMii  iff  rt  iiini  I-    I*-  i-T  I- — 

4h ;  cikAlw af.  !■*.  on.  IJIkMni^ 
«l^  4<6 :  aooM  a(  by  1mi£w.  Mb  v>> 
3»».  J9^  »«.«<».  <•» 

RttTitl^r^naa  t^ '."" ,  >i>  '*%  "* 

K iiH  fcU.  J57.  3«».  ■sn 

RiiaiMfiC  pola-f^ao^,  jj^ 

K^nataK  n  rii  Man  OfCMk^  J9i  J9i^  1 

4>>.499 
RicJU-kMdadwiadiaeafafvatana.  iir, 

Riac  akoiaaan,  UpuUr,  •l^  «ji ; 
•aOs  of  >iadfa«  atti  ML  lu:  i 
pohr.   14},   149,  •SS:  "■i>IM.  o^  I 


■  ■«ttaa»,  iMptii  iwai  aa, 
(a(4iB: 


.  I  ■III    !■■!  an.  j6*>  jlr< 
Wd<  !>•,  ik 


a  cf  paioMlai  M.   t»  Ol' 


INDEX 


5»9 


'■  39».  «3a.  AVi 
■■■  453 

.aclor,  57,  107 


SATVRATinM.  nugnetiti,  of  iron.  215,  319, 374 
rrj ;  of  pole-cornerv  373  ;  of  pole-pieccA, 
S74 

ScT««-  analogy  for  direction  of  line*,  »o,  a  i 

Sclf-cxdtatiQn.  3*6,  336,  4S3 

Self-induction,  E.Nf.F.  of,  78 ;  analoey  to 
inertin.  So  :  of  loop,  Si,  of  «olenoid,  6>  ;  as 
rate  of  chuige  of  M:lf-induced  linex.  91  ;  a& 
limitiTi^  ■-.iii>ul,  497  ;  of  magnet  coiU,  318; 
<  'mature*,  173,176,181,449: 

r  lied    <^ection    of    closed-coil 

■*'  ^.  \  J581  389;  in  ring  loop»,  386 

Sepaniciy-cadtvd  dynamos,  938,  395,  350, 
39^.495 

Series-wound  dynanKX,  395,  337 ;  uses  of, 
UJ,  5o»  :  for  high  voltages  338,  yw ; 
characteristic  curve  of,  340;  ncld-winding 
for,  539  :  in  scries,  503  ;  in  parallel,  505 

Series-wound  multipolar  drum  armature,  aog 

SbaAs,  armaiUTT,  33S,  239,  341 

Sbeel  of  current,  rrlrf*  Currcn(*»hcct 

Shell,  magnetic,  zs 

Shifting  of  brushes,  ncce«»lly  for,  351,  353; 
effect  of,  370,  577 

Short-circuiting  of  »eciion  in  tJoMd<oil  ar- 
Biaturea,  183,  354  ;  producing  vibration  of 
fieW,  378 

Sbon-circuiting  of  shunt  dynamo,  335 

Short-^hunt  compound-wound  dynamo,  344 

Sbunl-wounil  dynamics  324,  337,  339,  335  ; 
ch»ru^'.'  "f,  330,  333,   135,  S^r- 

nald-tA .  ■,  480 ;  u<«*.of,  338  ;  in 

parallel  1    ■  i    of    >>hon-circuiting, 

l\$  ,  iiuizihilit)  of  magnetism  tn,  335,  479, 
489  ;  maximum  current  from,  334  :  regula- 
lion  of  voltage,  337,  481 

Stcmenft  and  HalsWe's  mtUupolar  dynamo. 
438 

Siemens'  dynamo,  431 

Siemen-i'  winding  of  dnim  armalitrr,  117, 
193  ;  t'iiif  Dr\jm  Winding  and  Armature 

Sine  curve,  58  ;  rale  of  change  of,  69 ;  a*- 
fiumption  of,  in  altematon,  99,  lox 

Slidc-rail»,  43*,  509 

Solenoid,  33,  >3  i  »elf-inductioti  of,  83 
SpajVIng^M  T.nish._-c.  naitirr  of,  3J1  ;  in  clu»ed- 
icr  in  ring  arma> 
•  miature*,    174, 

>;  ■>iiuii,    470;  piWIr    Peripheral 

Spni  iiM^  •-•■iHiiutator*,  119,  167,  183 

Sleel.  iax  ;  ca»t,  2»o,  361 

Siranilcd  armnture-liari,  >48,  409,  43$,  433* 

437 
Strength  of  Aeld,  15^  17:  of  ktnugbl  conduc- 

tor,  >}  ,  of  aolenoid  with  iron  core,  73,  36 ; 


eijuation  for,  38  ;  for  reversing,  357,  369, 
373  ;  T'/(/f  Induction 

Subdiviiion  of  armature  winding,  388  ,  viUf 
Commutatunt 

Swinburne,  F.,  on  armature  reaction.  360 
3A7  ;  on  reversing  5eld,  373,  176;  nn  maxi- 
mum armature  am[>ire-tums,  379,  387 


Syiiunetn'  in  armature  winding,  307,  378, 
w :  or  field  distribution,  207,  374,  387  ; 
line  of,  359 


93 :  of  field   distribution, 
ne  of,  359 
Synchroniser,  508 


TBMPBitATt;RK,  of  dynAJHOf  at  work,  3V>, 
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comprebeiuive  and  moat  tastrav- 
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£UitrK»i  Knttm. 
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system  of  small  towns  and  village 


inlete 
.'.tunai 


Wkittaier  's  Technological  and  Scientific  List.  5 


THE  SPECIALISTS'  SERIES  {Cmiinu^Jy 


By  WiLlIAM  Anderson,  F.R.S.,  D.C.L.,  Member  of  the  Council  of  the 

Institution  of  Civil  Engineers,  M.I.M.E.,  and  Director-General 
L  of  Ordnance  Factories,  Royal  Arsenal,  Woolwich. 

'n  the  conversion  of  heat  into  work. 

A  Practical  Handbook  on  Heat-Engines.  With  62  Illustrations.     Third 
Edition.    6^. 

Contents  :-  Chap.  I.  Nature  of  Heat — Composition  of  Motions — Rota- 
tory Motion— Reciprocating  Motion — Impact.  &c  Chap.  II.  Oscillatory 
Motion — Conduction  of  Heat — Latent  Heal,  &c  Chap.  HI.  Properties  ol 
Gases — Laws  of  Boyle.  Mariolte,  Charles,  and  Gay-Lussac — Work  of  Ex- 
panding Gases— Metallic  Heat-engine.  &c.  Chap.  IV.  I^ws  of  Camot — 
Forms  of  Energy — Table  of  Properties  of  Fuels — Siemens'  Radiating  Furnace 
—Possible  duty  of  Furnaces.  &c.  Chap.  V.  The  Bla.st  Furnace — The 
Discharge  of  Cannon — Internal  Stress  on  Guns — Pressure  of  G.nses  in  Bore  of 
Guns.  &C.  Chap.  VI.  Heat  Engines  Proper — The  Gas  Engine — The  Hot 
Air  Engine — The  Rider  Engine — The  Steam  Boiler— Properties  of  Steam — 
Varieties  of  Boilers— The  Injector,  &c.  Chap.  VIl.  Classification  of  Steam 
Engines— The  Compound  Engine — The  Functions  of  Steam  in  an  Engine — 
Petroleum  Engines,  &c. 

*  We  have  no  hesitation  in  saying  there  are  youo^  engineers— and  a  good  many  old 
engineers,  too — who  can  read  this  book,  not  only  with  profit,  but  pleasure,  and  this  ti 
more  than  can  t>e  said  of  most  works  on  heal.* —  Tfu  Engiiutr. 

'The  volume  bristles  from  beglnnlnB  to  end  with  practical  ax- 
omplea  callod  from  every  department  of  teclinologT.  In  these  day*  of 
rapid  book-making  it  is  quite  refreshing  to  read  through  a  work  like  this,  having 
onfiaolity  of  treatment  stamped  on  every  page.' — EUctrital  Kevitw. 


P 


I 


i 


By  G.  R.  BODMER,  A.M.Inst.C.E. 
HYDRAULIC    MOTORS  :    Turbines    and    Pressure 

Engines.     With  179  Illustrations.     Tables  and  Index.      141. 

■  Contents  : — On  Turbines  in  General— General  Theory  of  Reaction  Tur- 

bines— l^osses  of  Energy-  in  Reaction  Turbines — Design  of  Reaction  Turbines 
— Impulse  Turbines— Summary  of  Rules  and  Formulas  and  Numerical 
Examples — Measurement  of  the  Quantity  of  Flowing  Water — Descriptions  of 
and  Experiments  with  Turbines — Americaji  Turbines — Hydraulic  I'ressure 
Engines. 

■  A  diatlnct  aoqnlaltion  to  otir  taehnioal  Uteratnra.'— fvnw/Wiv- 
"The  best  tezt>l>ook  wa  luiTS  seen  on  m  Uttla-known  snl^ect,' 

Tkt  M^riiu  En£im*9T, 

'  Mr.  Bodmer's  work  forms  a  Tery  complete  and  clear  treatise  on  the  sub- 
ject of  hydraulic  motors  other  than  ordinary  walcr-wbeels,  and  is  fully  up  to  date.* 

/M^/sM/rw. 

'  A  eontrlbntion  of  standartl  value  to  the  library  of  the  hydranUe 
tagln»»T.'—Ai)umnRi. 
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Whittakcr's  Technological  and  Scientific  List. 


THE-  SPECIALISTS'  SERIES  (C<mtinu4d). 


By  George  Lunge,  Ph.D.,  Professor  of  Technical  Chemistry,  Zurich,  and 
Ferdinand  lIuRTER,  Ph.D.,  Consulting  Chemist  to  the  United  Alkali 
Co.,  Limited. 

_THE    ALKALI    MAKERS'    HANDBOOK.     Tables 

■nd  Analytical  Methods  for  Manufacturers  of  Sulphuric  Acid,  Nitric  Acid, 
Soda,  Potash,  and  Ammonia.  Second  Edition,  Enlarged  and  thoroughly 
Revised.  In  crown  8vo.,  with  Illustrations,  lor.  &/. ;  strongly  bound  in 
half  leather,  izs. 

"Die  prrscnt  djition  givu  abundant  evidence  that  rare  u  being  taken  lo  make  th« 
book  a  falthfuJ  record  of  the  condition  of  conleniporary  quantitnlivr  analysis.' 

Prv/tstcr  T.  F..  1  horft  in  '  Nallitt.' 

•That  •xcellont  \iOOTt.'-Tht  latr  Pn/iuar  IV.  Dillmnr. 

'  It  la  Oil  ezoollent  book,  aad  ought  to  be  In  the  hand*  of  •▼•it 
Chemlot.'— /"ro/SrMDr/.  y.  Hummtl. 

By  A.  B.  Griffiths,  Ph.D.,  F.R.S.  (Edin.),  F.C.S. 
TREATISE  ON   MANURES;  or,  the  Philosophy 

of  Manuring.  With  Illustrations  and  Index.  A  Practical  Handbook  for 
the  Agriculturist,  Manufacturer,  and  Student.  Second  Edition,  revised 
and  enlarged.    Crown  8vo.  7/.  6</. 

*  The  book  U  very  fall  of  matter,  and  may  be  recommended.' — En^m4tr, 

'The  book  ii  brimfol  ofhlKfaly  naefol  Information.'— /.rf»i7<K-*/M,f>Mi/. 

'  Wc  Kladly  welcome  Ita  appearance  aa  atipplylng  a  want  long  felt 
la  agrlctllttiral  literature,  and  recommend  every  larnier  and  agricultural  itudenc 
tci  potses  himself  of  a  copy  without  delay.'-  farm  and  Hemi, 

'  Wc  contider  this  work  a  very  volaabl*  addition  to  th*  fhrm  library.' 

SatHniav  Xtvimt, 

By  GusTAV  May. 

BALLOONING:    A   Concise   Sketch   of  its    History 

and  Principles.  From  the  best  sources.  Continental  and  English.  With 
Illustrations.     23.  6d. 

*  Mr.  May  gives  a  clear  idea  of  all  the  eaperixnents  and  iraprovcmenta  in  aiio. 
navigation  from  its  lieginning,  and  the  various  useful  purposes  to  which  it  has  bceo 
apphed.' — C^nUm/ffmry  Keviau. 

By  J.  W.  Slater,  F.E.S.,  Editor  of  Journal  0/  Sdenct. 

SEWAGE  TREATMENT,  PURIFICATION,  AND 

UTILISATION.  A  Practical  Manual  for  the  Use  of  Corporations, 
Local  Boards,  Medical  Officers  of  Health,  Inspectors  of  Nuisances, 
Chemists,  Manufacturers,  Riparian  Owners,  Engineers,  and  Ratepayer*. 
With  Illustrations.     6s. 

'  The  writer,  in  addition  to  a  calm  and  dispassiofuite  view  of  the  sttuatioo,  gives 
two  chapters  on  *'  Legislation  "  and  "Sewage  Patent^."' — Sftitater. 
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THE  DRAINAGE  of  HABITABLE    BUILDINGS. 

By  W.  Lee  Beardmore,  Assoc. M.Inst. C.E.,  Member  of  Council  »n<l 
Hon.  Sec.  of  the  Civil  and  Mechanical  Engineers'  Society.  Author  of 
'House  Drainage  Scienlifically  and  Practically  Coasidered,'  and  'Com- 
pul.sory  Registration  of  Certain  Buildings  as  to  their  Sanitair  ESdenqr/ 

III 


Illuslrated.     y. 

'  A  useful  little  volume.* — SccUman. 

'  "  Autooutic  Flushing"  and  the  notes  on  the  bath  are  particularly  vall  dooe.' 


'  Gives  in  a  small  compass  a  large  axnoant  of  useful  infarmatioa.* — /mdmst' 
'  A  thoroughly  practical  work.' — North  Brititk  Ec»nomut. 


I 


ELECTRICAL    ENGINEERING   AS   A    PROFES 

SION,    AND    HOW   TO    ENTER   IT.     By  A.  D.  Soittkam.     Ill 
trated.     Crown  8vo.    4/.  fxl. 

*  It  gives  much  valuable  wXomRVixoTi*  —  Enginttrinf. 

'  Mr.  Southam,  in  this  eicelleni  little  work,  gives  many  valuable  hints.'— /«» 

'  The  author  of  this  book  has  done  a  useful  service  to  parents  and  guardiatu  t»y 
supplying  them  with  a  guide  to  the  various  means  of  entering  t>t«  profesaion  oil 
engineenng. '—£'«//'«*  Meckanic. 

'  I'his  is  really  the  only  book  we  have  seen  that  aticmpu  10  deal  with  111*  qscalioB 
in  a  pracucal  aumatr>*—Li^tmmf. 

By  S.  R.  BOTTONE,  Author  of '  Electrical  Instrument  Making,'  •  Eleclio- 
Motors/  'Electric  Bells,"  'The  Dynamo,' &c. 

Tenth  Thousand.     Second  Edition. 

\.      GUIDE      TO     ELECTRIC    LIGHTING.       Foi 

Householders  and  Amateius.  With  many  Illustrations.   Pictorial  cover. 

A  popular  guide  by  a  well-known  writer,  giving  in  clear  and  easily  und 
Stood  laneuaj^  the  informatioa   necessary  to  those  about  to  tntroaofle 

electric  light  into  their  dwellings. 

*  Accurate,  lucid,  and  suiuble  for  the  purpose.* — Etiftrifimm. 

*  The  chapter  on  accumulatoii  is  perhaps  one  of  the  best  in  the  book.* 

EJtrtricat  KtttfW 

*  A  shilling  spent  on  this  book  will  be  well  repaid.'— ^v^wrr'i  C«a«M>. 

*  Will  be  found  very  useful  to  those  desiring  elementary  kaowled^e  00  tike  subjecl. 

By  A.  R.  Bbnnktt,  M.I.E.E. 

THE  TELEPHONING  OF  GREAT  CITIES  AND 

THE    ELECTRICAL    I'AKCEL    EXCHANGE    SYSTEM.      T 
Papers  read  before  the  British  Association.     Demy  8vo.    Sesred.  It. 
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Whtttaker's  Technoio^cal  and  Scientific  List, 


By  O.  T.  Crosby  and  Dr.  Louis  Bell. 

'HE    ELECTRIC    RAILWAY  IN  THEORY  AND 
PRACTICE.     400  OcUvo  Pages,  179  Illustrations.     xos.6d. 

This  is  the  first  Systematic  Treatisr  that  has  been  publishrd  on  the 
Elkctric  Railway,  and  tt  is  intended  to  cover  the  GenRkal  Principles 
OP  Design.  CoNSThUCTioN  and  Oi-eration. 

Contents  : — General  Electrical  Theory  —  Prime  Movers  —  Motors  and 
Car  Equipment  —  The  Line— Track,  Car  Houses,  Snow  Machines — The 
Station — The  Efficiency  of  Electric  Traction  —  Storage  Battery  Traction  — 
Miscellanoous  Methods  of  Electric  Traction— High  Speed  Service — Cum- 
mercial  Considerations — Historical  Notes. 

Appendices  : — Electric  R.iilway  vs.  Telephone  Decisions — Instructions  to 
Linemen— Engineer's  Log  Book — Classification  of  Expenditures  of  Electric 
Street  Railways — Concerning  Lightning  Prolecdoa,  by    Prot  EUhu  Thonison. 


10  Wkittaker's  Technological  and  Scientific  List. 

By  E.  }.  Houston,  A.M.,  Proreissor  of  Natural   Philosophy  in  the 

High  School,  Philadelphia  ;  Professor  of  Physics  in  the  Franklin  Instiinte 
of  Philadelphia  ;  Eleclrician  of  the  International  Electrical  Exiubiiioo. 

DICTIONARY    OF    ELECTRICAL    WORDS, 

TERMS,   AND   PHRASES.    Second  Edition.     Kevisol,  Enlatfed, 
and  Entirely  Rewritten.     562  Pages,  570  Illustrations.     Price  i\t. 

*  Fills  a  very  \MJZt  gap  ibat  previoosty  existed  in  elcciricml  liicniiurc 

A.  E.  KaNNCii.v  (EUisan  L^kanUry). 

*  The  name  of  tlw  sttthor  is  a  laificiem  guarmotee  of  the  excellcacc  of  the  vork.' 

'  A  book  of  ihis  Vind  ts  absolutely  necessary  to  the  cencraJ  reader  wbo  viilMs  •• 
nnderstand  any  modem  article  oo  spplieU  clectncity.' — Nrm  K#nl  Htrmli* 
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Complete  Rules  for  the  Sai^e  In^allation  of  Elbcteical  Pi 

ELECTRIC   LIGHTING    SPECIFICATIONS.     For 

the  use  of  Engineers  and  Architects.     With  the  Phoenix  Fire  Rules.    My 
E.  A.  Mkrrilu     Price  6r. 

The  author  has  drawn  up  a  set  of  specifications  covering  the  various  dasscs 
of  liEhtittg  installations,  which  may  serve  as  fonns  lor  any  special  type  or 
ctuiacter  of  pUint,  and  which  arc  al  the  same  time  full  enoutih  to  cover  lb* 
ordinary  inslallalion  of  electrical  apparatus  .ind  electric  light  wuiiig.  The 
book  will  prove  especially  useful  to  archiuxts  and  engineers 


The  Only  Book  Treating  of  this  SuajEtrr  Exclusively. 

THE  QUADRUPLEX.   By  Wm.  Maver,  jun.,  and  Miwod 

M,  Davis.     With  Chapters  on  the  Dynamo- Electric  Machine  in  Relali) 

to  the  fjuadruplex,  the  Practical    Working  of  the  Quadruples,  Telegrap 

KeptKilers  and    the   Wheatstone    Automatic   Telegraph.       I5y   WiLLia 

Mavbr,  jun.     Cloth,  126  pages,  63  Illustmlions.     6r. 

Contents  :— Development  of  the  Quadruplcx— Introduciion  and  1 
nalory — The  Transmitter,   Rheostat  and  the  Condenser—" 
Instruments  of  the  Polar  Duplex— The  Polar  Duplex — The 
Dytiamo- Electric    Machine  in    Relation    to   the  tjuiulruplo  -  I  in- 
Working  of  the  (juadruplex— Telegraph  Kepcatci» — The  Wheatstone  Auto 
oiutic  Telegraph. 

By  T.  D.  LocKWOOl),  Electrician,  American  Bell  Telephone  C'^ 

PRACTICAL    INFORMATION    FOR    TELl 

PIIONISTS.     192  pages.     4/.  bd. 


Whittaker's  Technological  and  Scientific  List.  1 1 

SECONDARY  BATTERIES.    By  T.  T.  Niblett.    Being 

a  Description  of  the  Recent  Developments  of  Practical  Apparatus  for  the 
Storage  of  Electrical  Energ)'.  With  numerous  Curves,  Tables,  and  other 
useful  data.     Illustrated,     Crown  8vo.     Piicc  3/.  ftJ. 

*  Experts  u  well  as  siudenu  will  find  this  a  handy  book  of  reference.* 

EUctricml  Xtvifw, 

ECONOMICS    OF    IRON    AND    STEEL.      By  H.J. 
Skelton.     Illustrated.     Crown  Svo.     Price  $s. 

FIRST  PRINCIPLES  OF  MECHANICAL  EN- 
GINEERING. By  John  Imray  and  C.  H.  W.  Biggs.  Illustrated. 
Crown  Svo.  31.  6d. 

FIRST  PRINCIPLES  OF  ELECTRICAL  EN- 
GINEERING. By  C.  H.  W.  Biggs.  Illustrated.  New  Edition. 
Crown  Svo.  \^rrepttritig. 

POPULAR  ELECTRIC  LIGHTING.  By  Capt.  Iron- 
siLiE  Bax,  General  Manager  of  the  Westminster  Electric  Supply  Co. 
Illustrated.     Crown  Svo.  zs. 

STEAM    ENGINES.  BOILERS.  AND  FITTINGS. 

By  C.  Capito,  C.E.      Illustrated.      Imperial  410.  loj.  6rf.  \Shortty. 

ELECTRIC     TRACTION.     MORE     ESPECIALLY 

AS  APPLIED  TO  TRAMWAYS.  By  A.  Reckenzaun.  lUuslrated. 
lot.  f>d. 


FIRST  PRINCIPLES  OF  ELECTRIC  LIGHTING. 

By  C.  II.  W.  BlGC.s.     Illustrated.     Crown  Svo.  3;.  dd.  \Shortly. 
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IRST  PRINCIPLES  OF  BUILDING.    By  A.  Black, 

C.E.     Illustrated.     Crown  Svo.  y.  6d.  [Shorlly. 

By  Dr.  George  Core,  LI.  D  .  F.R.S. 

HE    ART    OF    ELECTROLYTIC    SEPARATION 

OF  METALS  (Theoretical  and  Practical).     Fully  Illustrated.     loi.  6d. 

No  other  book  entirely  devoted  to  the  Electrolytic  5?rparaiion  and  Refining 
of  Meuls  exists  in  any  language ;  those  on  Electro-Metallurgy  hitherto  pub- 
lished being  more  or  less  solely  devoted  to  electro-phiting.  The  present  txxik 
contains  botli  the  science  and  the  art  of  the  subject,  i.e.,  t)oth  the  theoretical 
principals  upon  which  the  art  is  based,  and  the  practiral  rules  and  details  oi 
technical  application  on  a  commercial  scale,  being  thus  suitable  for  both 
student  and  manufacturer. 


lectrie^l 


By  J.  A.  Flbming,  M.A.,  D.Sc,  F.R.S..  M.R.I.,  4c.,  Professor  of  El( 
Engineering  in  Univeisily  College,  London. 

THE  ALTERNATE  CURRENT  TRANSFORMER 

IN  THEORY  AND   PRACTICE.     In  two  vols,  demy  8»o. 

Vol.  I.— THE  INDUCTION  OF  ELECTRIC  CURRENTS,   soopages, 
157  IllustrAtions,  third  issue.     Ji.  bd. 

Contents: — Inlroduclory — El ectro-Mafneilc  Induction — The  Theory  of 
Simple  Periodic  Currents — Mutual  and  Self  [oductioo — Dynamical  Theory 


o(  Current  Induction. 

Vol.    II.— THE     APPLICATIONS     OF 
600  pages,  300  Illustrations.     t2j.  dd. 


INDUCED    CURRENT! 


Contents: — Chapter  I.  The   Hisloricnl  Development  of  the  Indudi 
Coil  and  Transformer— Chapter   II.    Diitribuiion  of  Klectrical   Kaofj 
Transformers — Chapter  III.  Alternate-Current  El<.-ctnc  Slnti  ons — Ch»| 
The  Construction  and  Action  of  Transfomieis^Obapter  V.    Further 
Applications  of  Transformers, 

By  J.  A.  EwiNG,  M.A.,  B.Sc,  Professor  of  Mechanism  and  Applied 
Mechanics  in  the  Universily  of  Cambridge. 

MAGNETIC    INDUCTION  in  IRON    and    OTHER 

METALS.     370  pages,  159  Illustrations.     \os.  6d. 

After  an  introductoiy  chapter,  which  attempts  to  explain  the  f'—-' "■ 

ideas  and  the  temiinology,  an  account  is  given  of  the  methci 
usually  employed  to  measure  the  magnetic  quality  of  metali.  ) 
then  quoted  showing  the  results  of  such  measurem  ents  for 

'  ef  iron,  steel,  nickel,  and  cobalL     A  Chapter  on  Magnirtic  I 
and  then  the  distinctive  features  of  induction  by  very  weak  a    . 
mngnetic  forces  are  separately  described,  with  further  descnption  ol  rx\K 
mental  methods,  and  with  additional  numerical   results.     Tlic  influmcx 
Temperature  and  the  influence  of  Stress  are  next  discussed.     The  coiic»ptio 

I'ttf  the  Magnetic  Circuit  is  then  explained,  and  tome  account  is  (riven  of  ' 
perimenis  which  are  best  elucidated  by  malun^  use  of  'liis  rs  c/il  i!Iv 
method  of  iiraiinenL     The  book  concludes  with  u.  1 ! 
Theory  of  Magnetic  Induction  ;  and  the  opportun  '  fe 

number  of  miscellaneous  experimental  facts,  on  whi<.ii  ui<r  inuKvuui 
has  an  evident  bearing. 

By  A.  E.  Kennellv  and  H.  D.  Wilkinson,  M.I.E.E. 

PRACTICAL  NOTES  FOR  ELECTRICAl 

STUDENTS.     LAWS,     UNITS,     AND    SIMPLE    MEASURJSC 
INSTRUMENTS.     320  pages,  1 55  Illustrations,    ts.  6J. 


I  Hdiled  by  W.  W.  Braumont,  M.I.C.E.,  M.I.M.E.,  &c. 

THE  STEAM-ENGINE  INDICATOR  AND  INDI- 

5CAT0R  DIAGRAMS,    y.  bd. 
A    Practical  Treatise  on  the  Steam  Engine  Indicator  and  Indicator  Dia- 
^^- jrrams,  with    Notes  on  Steam  Engine  Performances,   Expansion  of  Steam, 
^^vfiehavioiir  of  Steam  in  Steam  Engine  Cylinden,  and  on  Gas  Engine  Diagrams. 
EL] 
EL] 


By  Dr.  George  Gore,  LL.D.,  F.R.S. 
ELECTRO-CHEMISTRY.     Second  Edition. 


By  Oliver  Heavysidb. 
ELECTRO-MAGNETIC  THEORY.  Un prtpanaion. 
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By  W.  Geii'BI.  and  H.  Kilgour. 
ELECTRICAL    ENGINEERING   FORMUL/E,   &c. 

This  Pockel-Book  is  a  departure  from  previous  attempts  to  provide  for 
Electrical  Engineers  and  Electricians  varied  information  for  cvery-day  use. 
The  book  will  be  invaluable  to  Electrical  Engineers,  a  very  large  space 
being  devoted  to  heavy  engineering  details,  fonnulx,  &c 

[  In  prtfxtratitn. 
By  H.  n.  Wilkinson,  M.I.E.E.,  &c.,  &c 

SUBMARINE  CABLE-LAYING  and  REPAIRING. 

An  Original  Work  on  this  important  subject,  which  has  not  previously 
been  treated  in  a  thoroughly  practical  manner.     Fully  Illustrated, 

[/«  preparation. 

In  Two  Vols,  stout  paper  covers,  2j.  ;  strong  cloth,  2s.  td.  each  volume  ; 
Single  Primers,  yi. 

'RIMERS  OF  ELECTRICITY.  Fully  Illustrated  A 
Series  of  Helpful  Primers  on  Electrical  Subjects  for  the  use  of  Colleges, 
Schools,  and  other  Educational  and  Training  Institutions,  and  for  young 
men  desirous  of  entering  the  Electrical  professions. 

Table  of  Contents  :— Volume  I.  — Theory.  —  Primer  No,:  i.  The 
Effects  of  an  Electric  Current — a.  Conductors  and  Insulators — 3.  Ohm's 
Law — 4.  Primary  Batteries — s-  Arrangements  of  Batteries— 6.  lileclrolysis — 
7.  Secondary  Batteries — 8.  Lines  of  Force — 9.  Magnets — 10.  Electrical  Units 
—  II.  The  Galvanometer  — 12.  Electrical  Measuring  Instruments — 13.  The 
Wheatstone  Bridge  — 14.  The  Electrometer — 15.  The  Induction  Coll — 16. 
Alternating  Currents  —  17.  The  Leyden  Jar  —  18.  Influence  Machines  — 
19.  Lightning  Protectors — ao.  Thennopilei 

Volume  II.  —  Practice. —  Primer  Na  ;  ai.  The  Electric  Telegraph  — 
as.  Automatic  and  DupleK  Telegraphy  —  93.  The  Laying  and  Repair  of 
Submarine  Cables — 34.  Testing  Submarine  Cables — 35.  The  Tdephone — 
a6.  Dynamos — rj.  Motors — 28.  Transfonners — 29.  The  Arc  l^mp — ja  The 
Incandescent  Lajnp — 31.  Underground  Mains  —  32.  Electric  Meters — 33. 
Electric  Light  Safety  Devices — 34.  Systems  of  Electric  Distribution — 35. 
Electric  Transmission  of  Energy — 36.  Electric  Traction — ^37.  EktMio-Depu* 
sition— 38.  Electric  Welding. 
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THE    MANUFACTURE    OF    ELECTRIC    LIGHT 

CARBONS.  A  Practical  GuiJe  to  the  Establishment  of  a.  Carbon  Manu- 
factory.    Fully  Illustrated.      Ir.  6d. 

THE    WOODHOUSE    AND    RAWSON    WIRING 

TABLES.  Price,  mounted  and  glazed,  is.  6rf.  post  free  :  in  neat  cloth 
case  for  pocket,  2s.  (>d.,  post  free.  Printed  Directions  how  to  use  the 
Tables  are  issued  with  each  copy. 

POCKET  PRICE  LIST  AND  USEFUL  FOR- 
MULAE FOR  ELECTRICAL  ENGINEERS.  A  handy  book  fo»  the 
pocket,  and  sure  to  be  in  constant  use.     ix. 

MAYS  POPULAR  INSTRUCTOR  FOR  THE 
MANAGEMENT  OF  ELECTRIC  LIGHTING  PLANT.  IVxket 
size,  2J.  (>d. 

WOODS      IMPROVED      DISCOUNT      TABLES. 

Fourth  Edition.     Clolh,  is. 

MAY'S  BELTING  TABLE.  For  Office  use,  printed  on 
cardboard,  with  metal  edges  and  suspender,  3j.  each,  post  free  2j.  iJ. 
For  the  pocket,  mounted  on  Unen,  in  strong  case,  11.  6a.  each,  post  free 
2J.  Sd. 

PRACTICAL  DYNAMO-BUILDING  for  Amateurs. 

How  to  Wind  for  any  Output.  By  Frederick  Walker,  Member  of 
the  Society  of  Civil  and  Mechanical  Engineers.  Second  Edition,  revised. 
Fully  Illustrated.     Cloth  gilt.     2s. 

TABLES  AND  MEMORANDA  FOR  ELEC- 
TRICAL ENGINEERS.     By  the  same  Anihor.    u. 

THE     ARITHMETIC     OF     ELECTRICAL    MEA- 

SUREMKNTS.  With  numerous  Examples  fully  worked.  ^  W.  K.  P. 
H0118S,  Head  Schoolmaster  of  the  Naval  Torpedo  School,  Poitsmnuih. 
Revised  Edition,  u. 


A  Work  for  Artificers  in  Gold,  Silver,  and  other  Mstau, 
Leather,  Wood,  &c.     An  entirely  New  Edition. 

FAIRBAIRNS  BOOK  OF  CRESTS  OF  THE 

FAMILIES   OF   GREAT   BRITAIN   AND    IRELAND.     Edite<l  by 
Arthur  Chaki.es  Fox-Davies.    a  vols,  large  410. 

Half "-.-...  47.4/. 

bound  in  pigskin,  jl.  l^. 


iaily  1 
J/.  31.  net. 


spec 


Full  prospectus  post  free  on  application. 
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GREAT   INDUSTRIES   LIBRARY. 


BRITISH    LOCOMOTIVES.     By  C.  J.  Bowen  Cooke. 

, An  Historical  and  Graphic  Account  of  the  Development  of  and  Progress  in 

^K        the  Steam  Locomotive,  and  an  account  of  all  the  most  recent  types.     With 
^H        many  original  Illustrations.  [/«  the  frt\f. 

By  R.  Nelson  Boyd,  M.InstCR 
COAL    PITS    AND    PITMEN.     A  Short  History  of  the 
Development  of  the  Coal  Trade,  and  the  legislation  aflecting  it.   y,  6J. 

IOUTLINB  OP  Contents  : — Condition  of  the  Colliery  Population  before 
the  Nineteenth  Century — Early  Colliery  Explosiora — Development  of  the 
Coal  Trade — Invention  of  the  Safely  Lamp — Parliamentary  tX-tates  and 
Passing  of  I.ord  Ashley's  Measure — Passing  of  Coal  Mines  Inspection  Act, 
1850— Agitation  Amongst  the  Colliers  for  more  Inspection— Liter  Explosions 
— Discussions  in  Parliament  during  1870.  1871.  187a — Royalties  l^uestion — 
New  Mines  Regulation  Act— Relrospecl  and  Observations — Appendices  and 
Index. 
*  Mr.  Boyd'it  well-written  and  eminently  pracrical  book,'— Z)tf/7j'  CKnmcU. 
I  '  It  cuinot  fail  to  prove  inlereiting.'  — .F^/i^fr. 

f  •  Not  only  a  well-writtcrj  and  fjucinaling  work,  but  aUo  a  valiiabla  history  of  ilic 

' 


I 


legitlaiion  and  chaagei  wtiich  have  taken  place  in  the  coal  industry  '^-/luitulriet. 


'By  Sir  George  Findlay,  Assoc.  Inst.  C.E.,  Vice-Chajrman  of  the  London 
and  North-Western  Railway. 

AN  ENGLISH  RAILWAY,  THE  WORKING  AND 
MANAGEMENT  OF.  Fourth  Edition,  thoroughly  Re- 
vised  and  Enlarged,  with  new  Appendix,  and  Mrith 
numerous  Illtistrations.    Crown  8vo.  cloth,  51. 

Contents  :— Management— The  Staff— The  Permanent  Way— Signals 
and  Interlocking — Telegraphs— Rolling  Stock — Working  of  Trains — Shunting 
and  Marshalling  of  Goods  Trains — Working  of  Goods  Station — Rates  and 
Fares— Division  of  Traffic — The  Railway  Clearing  House — The  State  and 
Railways — On  the  State  Purchase  of  Railways — Passenger  Traffic — On  the 
Law  OS  between  English  Railway  Companies  and  the  Public — On  the  Railway 
*s  a  means  of  Defence — Index. 

'Thla  Is  a  deUgbtftil  liook.'— fofi'awfr. 

'  Mr.  Findlay's  t>ook  di«pUys  so  much  knowledge  and  ability  that  It  weU 
deterrea  to  rank  u  m  atandard  work  on  the  aaltJect.'— .Va/vr>. 

'A  Tery  Intereatln^  work  thTO\i%Yiont,'—Kailn>.>y  Engixitr. 

'Mr.  Findlay'i  book  will  take  a  tklgli  poiltlon  In  tha  library  of 
practical  acienca.'— ^Mn>«v»f. 
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A  New  Work  on  *Ati-antic  Liners.' 

THE    ATLANTIC    FERRY:    Its    Ships.    Men.   anJ 

Working.  By  Arthur  J.  Maginnis,  Member  of  the  Institute  of  Naval 
Aichilccis.  With  nuroeroiu  Illustrations,  Diagrams,  and  I'Uns.  Crown 
8vo.  Is.  bJ. 

A  Popular  Edition,  price  28.  dd.,  will  be  issued  shortly. 

'  Mr,   Maginnit'  li.'indvjnic  volume  hi«  had   tL  VfOll>(loa«rTe<l  niOCMM.' 

*  Tbe  work  U  one  of  RToat  merit.*  —  a n^Hrrhn^.  E»£rm4t^,  . 
'ContAin*  v>  much  tlc^irabic  information  conccmint;  .ill  trut  reUtcA  to  th«  A|]ajilie| 

pmrnecr  trade,  as  to  ensure  for  it  a  beartj  walcome.' — Stii^in^  U'^rU.  1 

'will  be  oordlallT  welcomed,  nui  only  by  the  ihipowner,  >£ipbisild«,  tni' 

marine  engineer,  but  by  the  general  public.' — SUajHtAi/. 

'  Mr.  Sla^innis'  book  is  certainly  pleasant  reading,  and   ebOUld  ftn  *  a  ptAO# 

In  the  library  of  every  "  Atlantic  Liner."  '—Lmrfcoi  D^itj  r«f. 

'  Of  interest  to  a  very  numerous  class  of  readers,  and  likely  for  a  good  fi^od  to  W 

a  etandard  work  on  the  great  rabject.'^r,r<r>>fa)i- 

*  A  wonderfal  record  of  bualneae  enterprise.' —fi:il«. 
'  Mo  one  who  U  interested  in  steam  navlgatioB  staoold  IM  wltboot 

a  copy.* — Maritu  Enffiiurr, 

'A.  i»>ncise  blstorjr  of  the  funons  ttrrj,  and  a  refereivce  book  wtucii  but 
be  cited  as  an  authority.'— £(i^/»A  Meckanic, 


Keel  'View  of  Ttnlaiic,  show-ing  Overlapping  Propellers  (,S/<r>swit  gf  4limttwmti*m\ 


Crown  8vo.  cloth,  u.  bit.    A  Kry  xr.  oe(. 
BOOKKEEPING.       For    Commercial,  Civ!' 

ami    Evening  Classes      With   nuiuriuus   [■Naiuplo  ami  < 
Glossary  of  Terms   apfienilcil.      By    I'HIUP   Crkllin,    ^  u. 
eouniant. 

'An  excellent  little  work.* — Mernli^  Pott 

'  This  is  undoubtedly  a  |{ood  book.    A  valuable  fcalure  is  the 
mercial  terms.' — Stll*oim*ittr. 
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COLLIERY   LIGHTING    BY   ELECTRICITY.     By 

Sydn«y   F.  Walker,  M.I.E.E.,Asso.M.  Inst.  C.E.    Qoth,  fcap.  410. 

By  G.  PLANTft. 

THE  STORAGE  OF  ELECTRICAL  ENERGY,  and 

Researches  in  the  Effects  created  by  Currents  combining  Quantity  with 
High  Tension.  Translated  from  the  French  by  Paul  Bedford  Elwku.. 
With  Portrait  and  89  IllusUations.     ijvu.  pp.  vii.-268,  cloth,  123. 


By  B.  H.  Thwaitb,  C.E.,  F.C.S. 
GASEOUS    FUEL:    INCLUDING    WATER   GAS. 

lis. Production  and  Application.      Ij.  (>d. 

By  T.  Eustace  Smith,  liarrister-at-law. 
OW    TO    PATENT    AN    INVENTION    Without 
the  Intervention  of  an  Agent.      Third  £dition,  revised  and 
enlarged.    2s.  (>J.  neL 

*Thi»  u  on  exceJlent  little  book.' —  Bui/drr. 

M.  Parkinson,  As.soc.  M.I.C.E. 
MECHANICS.     Crown  8vo.  4^.  6d. 


With  a  Chapter 


k 


By  R. 

STRUCTURAL 

Edited  by  J.  LUKIN,  B  A. 

SCREWS  and  SCREW-MAKING. 

on  Milling.     Crown  8vo.  y. 

TURNING    LATHES,     A  Guide  to  Turning,  Screw 

Cutting,  Metal  Spinning,  &c.     Third  Edition,  p. 

'T1U»  !■  by  far  the  beat  treatlae  ever  pabllihed.'— fn/riw/r. 

FODEN'S  MECHANICAL  TABLES.     5th  Edition. 

Crown  Svo.  cloth,  1/.  6«i'. 

WERSHOVEN   (F.  J.),   TECHNOLOGICAL    DIC- 

TUONARYOFTHE  PFH'SICAL,  MECHANICAL,  and  CHEMICAL 
SCIENCEIS.  English,  German,  and  Ger.-Eng.  2  vols,  cloth.  2J.  6</. 
each. 

PONCE  DE  LEON.  ENGLISH-SPANISH  TECH- 

NOIX)GICAL  DICTIONARY.  Containing  Terms  employed  in  the 
Applied  Sciences,  Industrial  Arts,  Mechanics,  Fine  Arts,  Metallurgy, 
Machinery,  Commerce,  Shipbuilding  and  Navigation,  Civil  and  Military 
Engineerinp,  Agriculture,  Railway  Construclioo,  Electro-technics,  &.C. 
8vo.     I/,  icu. 

Vol.  II. — Spanish-English. 

MODERN  AGRICULTURAL  IMPLEMENTS. 
AN  ILLUSTRATED  GUIDE  TO  TOOLS,  MACHINERY,  4c. 
By  Jambs  Woodward  Hill,  Assoc.  M.Inst.CE.    73.  6d. 
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WHITTAKER'S    LIBRARY 

OF 

Arts,  Sciences,  Manufactures,  and  Industries. 

Illustrated.     In  Square  Crown  8<ro.  Ooth.  H 

<  McMTs.  Whlttkkar'i  Taliubl*  ••lie*  of  practical  mannala.' 

FITTING,  THE  PRINCIPLES  OF.     For  Engineer 

Students.  By  the  Author  of  'The  Principles  of  P«(tem  Making,"  '  I*r»c- 
tical  Iroirfounding,'  and  '  Melal  Turning.'  Illustrated  with  about  »',o 
Engravings,  and  containing  an  Appendix  of  Uieful  Shop  Notes  and 
Memoranda.  [Shtrtlf. 

HELICAL  GEARS.     By  the  same  Author.  \if,  ikt frr.x. 
DYNAMO     MACHINERY.     ORIGINAL     PAPERS 

ON.     By  J.  HOPKINSON,  D.Sc;   F.R.S.      With  98  Illustrations,  S'. 

THE     CHEMISTRY    OF    PHOTOGRAPHY.      By 

J.  Traili,  Taylor,  Author  of  '  The  Optics  of  Photography.'    [Prtfarinf, 

PHOTOGRAPHIC      APPLIANCES      AND      PR 

CKSSES.     By  the  same  Author.  [Frtfarr 

THE    MICROSCOPE :    How  to  Choose  and  How  to 

Use.  By  S.  Highi.bv,  F.C,  Fellow  of  Royal  Microscopical  Societr, 
&c.,  &c.     With  numerous  Illustrations.  [/Vr/wn'uf. 

ELECTRICAL    EXPERIMENTS.     By  G.  E.  Bonj* 

With  144  Illustrations.     21.  bd. 

Contents  : —  Experiments  with  Mapnets—  With  Eltrctro-Majnets —  Wi 
Induction   Coils —  With  Static  Electricity—  Electrolytic  Experiments—  V 
cellanrous  Electric  Experiments. 

ELECTRICITY     AND     MAGNETISM.        Being 

Series  of  Advanced   Primers  of  E'ectricity.     By  Edwin  J.    Hotrt' 
Author  of  '  A  Dictionary  of  Electrical  Words,  Terms,  and  Phrawn.* 

[/«  lif  ft 

ELECTRIC     LIGHTING.      TRANSMISSION 

POWER,    and  other  ad%-anced  Primen  of    Electricity.      By  the 
Author.  [/«  th/  fri 

ELECTRICAL    TRANSMISSION     OF    INTELL 
GENCE,   and   other   advanced    Primers  of  Electricity.      Br  lh« 


% 


^ 


Author. 


InlXti 
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H-'hittaker*s  lAhrary  of  Artgf  Sciences,  dl:c,  {Con/wa^. 

MAYCOCK'S    FIRST    BOOK^OF^ELECTRICITY 

AND  MA(;NETISM.    84  Illustrations.     2j.  6d. 

*Stadcnt5  who  purchase  a  copy,  amd  carerully  study  ir.  witt  obtain  an  ejccellcni 
groundwork  of  the  «ricnce.' — £.lKtricat  Rrvifw. 

'  As  a  ftnt  book  for  such  kiudcnts  aa  have  to  pass  examinations,  it  t<i  admirable.* 

EUctriciU  En/rine*t. 

THE    OPTICS   OF    PHOTOGRAPHY   AND    PHO- 

TOGRAPHIC   LENSES.      By  T.   Traill  Taylor.   Editor  of  'The 
British  Journal  of  Photography.'     With  68  Illustrations,     y,  M- 
'  An  e«cclleni  j^ide,  of  great  practical  u»e.' — Natwrr. 

'  Pentooally  we  look  upon  this  book  as  a  most  valuable  labour-Miving  invention,  for 
DO  questions  ore  so  frequent,  or  take  so  long  to  answer,  as  those  about  lenses.' 

Prttctuitl  Pketfiprnphrr. 

'  Written  so  plainly  and  clearly  iHst  we  do  not  think  the  merest  tyro  will  have  any 

difTicully  in  mastering  its  contents.' — Amnttvr  Phttopra^htr. 


_THE  PRACTICAL  TELE- 
PHONE HANDBOOK.  3r.  6rf.  By 
Joseph  Poole,  A.I.E.E.  (Wh.  Sc.  1875), 
Chief  Electrician  to  the  late  Lancashire  and 
Cheshire  Telephone  Exchange  Co.,  Man- 
chester.    AVilh  227  Illustrations. 


*  If  contains  readable  accounts  of  all  the  bestr 
knowTi  and  most  widely-used  instruments,  togethet 
with  a  considerable  amount  of  information  no 
hitherto  published  in  book  fonn.'— £/«-/rwra«. 

'  Will  be  fouud  boih  useful  and  interesting  to 
persoiiii  who  u  sc  the  Iclephone,  as  Mr.  Pcolc's  cjt- 
pooitioii  ol  telephonic  at/poratus  is  both  clear  and 
comprehensive.' — Smturday  Rn-iew. 

The  Hunnings  Transmitter 
{Sf€cimen  o//liustratiom). 

THE  ART  AND  CRAFT  OF  CABINET  MAKING. 

A  Praclical  Handbook  to  the  Construction  of  Cabinet  Furniture,  the 
Use  of  Tools,  Formation  of  Joints,  Hints  on  Designing  and  Setting  Out 
_       Worii,  Veneering,  &c.     By  D.  DENNING.     With  219  Illustrations.     t». 


*  We  heartily  commend 
it.'— C«*>«<  Maktr. 


*  Well  planned,  and  writ- 
ten in  a  pleasing  and  umple 
«yle."— A'a/nrfT. 

'  A  cirefuIly.con&idered 
and  well-wrilten  t>ook.' 

U'tr* 


Plain  Dovetail.      Ditto  with  badly-formed  pins. 
{Sfaimtns  of  llltiitraliimt). 
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Whittaker'B  Library  of  Art»,  Scienceti,  Ac  [Cttttimmd). 

ELECTRIC  LIGHTING  AND  POWER  DISTRI- 
BUTION. An  Elctnenlaiy  Manual  fot  Sludenls  pr^p-nnng  fnr  iS; 
Ordinuy  Gnde  Examination  of  the  City  and  Guilds  of  I 
Written  in  accordance  with  the  new  Syllabus.  By  W.  1% 
M. I. E.E..  Certified  Instructor  of  the  City  and  Guilds  of  Li'n.nn  in^ituie, 
n  Electric  Lighting  and  Power  Dislribution  ;  and  of  the  Government 
Department  of  Science  and  An,  in  M.ignetistn  and  Elecuidtjr ;  L«ctiinr « 
Electricity  and  Electrical  Engineering  at 
the  Croydon  County  Polytechnic,  and  at 
the  Whitgift  Grammar  School,  Croyvlon  ; 
Author  of  '  A  First  Book  of  Electricity 
and  Magnetism,'  &c.  Part  I.  with  125 
Illustralinns.  In  paper  cover,  2s.  bd. 
Par)  II.  [kr^y  in  Mar(M. 


(Sfttimtm  of  lUmstmHon. ) 

THE     PRINCIPLES     OF     PATTERN     MA 

Written  specially  for  Apprentices,  and  for  Students  in  Technical 
By  the  Author  of  'Pattern  Making,'  Lockwood's  '  liictionarr 
chanical  Engineering  Terms,'  '  Practical  Ironfounding,'  '  Metal  Tuti 
'The  Amateur's  Workshop,'  *c.  Illustrated  with  101  Engravii 
containing  a  GlossM^  of  the  Common  Terms  employed  in  Pattern 
and  Mouldii^.     y.  (td. 


Striking  up  a  Loam  Pattcfn  {Sfttimn  ^  lHuttr9tia»). 


,.QJa 


^aam 
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H  hittaker's  Library  of  Jrtu,  Scieneea,  Jte.  (ConiiHued). 


PRACTICAL    ELECTRIC-LIGHT    FITTING.      A 

Treatise  on  the  Wiring  and  Filling  up  of  Buildings  deriving  current  from 
Centni  Station  Mains,  and  ihe  Laying  down  of  Private  Installations, 
including  the  latest  edition  of  the  Phoenix  Kire  Office 
Rules.  By  F.  C.  Allsop,  Author  of  'The  Tele- 
phones and  their  Construction.'  With  234  Illus- 
irations.     51. 


INDUCTION      COILS. 


{Sfiedmens  of  lUusfratioms,) 


Practical    Manual 


Amateur  Coilmakers.     By  G.  E-  Bonney.     With  loi  Illu^traiions,     Jf. 


*  In  Mr,  Bonney**  nsefnl  book  every  part  of  the  coil  it  deiMrit>«d  minutely  in 
dcUul,  and  the  methods  and  material  rciiuired  in  insulating  and  vioding  ibc  wire  am 
fully  considered.'—  EUciticnI  Revirw. 


Sectional  Diagram  of  Coil  Winder  {Sftcimtn  o/  /Uiutraluit). 


'  "^  ^"^  ■        U  I 
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mOC-XJGHT  mSTALXATIOKS.  AND 

or  ttXXmVUtTXMS     a  pmat^  k 


THE^ 


;a«k 
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Whittaker's  Library  of  Arts,  Sdencea,  Jtc.  (Contmued). 


By  S.  R.  BOTTONE. 

ELECTRICAL    INSTRUMENT-MAKING 

AMATEURS.     A  Praclical   Handbook.     With  71  illustrations 

Edition,  revised  and  enlarged.    3^. 

*  To  thoie  about  to  atndy  electricity  and  Its  appUoatlon  thU  book 
will  form  a  very  oufol  oompuilon.'— ^«iU<iua/  Wm-u. 


FOR 

Fifth 


I 


By  S.  R.  BoiTONE. 
ELECTRO-MOTORS.  How 
Made  and  How  Used.     A 
Handbook  for  Amateurs  and  Practical 
Men.     With  70  Illustrations. 

Second  Edition,  revised  and 
enlarged.    3^. 

'  Mr.  Bottone  has  the  faculty  of  writing  u 
as  to  be  understood  by  amateun.'  —Imdiutrua. 

*  The  expUuAtiuiu  ore  very  clear  and  readily 
underuood.' — Mariiu  Enjciiurr. 

'  We  are  certain  that  the  koowledne  gnined 

in  constructing  machines  *ucb  as  dewrntied  m 

this  book  will  be  of  great  value  to  the  worker* 

Biiitricai  Emfinur, 


Annature  of  Aliemaung  Cuirenl  Motor  [Sfteinuii  of  Itluslratian). 
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WlUttalcer'*  Library  of  Arts,  SdeHcea,  Jte,  {CmtiumtJl 


By  S.  R.  Bottom*.  I 

THE     DYNAMO:     How     Made     and      How     Used." 

ICighlh  Edition,  with  additiona.1  matlct  and  illustrations.     3i.  6J. 

HOW    TO    MANAGE    A    DYNAMO.      By   the  samc_ 
Author,     llliutraled.     Pott  8vo.  cloth.     Tocket  site.     u. 


'Thit  litUe  book  will  be  very  uaeful.' 

EUctricmJ  Engimtt'-. 

'The  book    ihould   prove  «xlreaiel7 
nSttfOl  ' — Elettricai  Rn'irtv. 

'  We  heanily  commend  it  to  the  Dotice  uT 
our  re«dcn.* — E>*ctriciij>. 


By  S.   R.    BOTTONS. 

ELECTRIC    BELLS.    AND 
ALL  ABOUT  THEM.     A 

Practical     Book     for     Practical     Men. 
With  more  than  too  Illustrations. 

Fourth  Edition,  revised,    y- 

'  Any  one  dcairou*  of  undcrtaVing  the  prac- 
tical wiH-k  ijf  electric  bell  6tltiie  wiW  find 
everything,  or  nearly  everything,  he  wants  10 
know.'—  EUctriciM, 

'No  twil'fitter  stioiilil  be  without 
W —BitlUiHt  AVm. 


{SfHmm  aflUufm 
By  J.  Gray,  B.Sc. 
ELECTRICAL    INFLUENCE    MACHINES: 

lainii^  a   Knll   Account  of  their   Historical    Development,  theii 
Forms,  and  ihcir  PracticaJ  Dmstruclion.     41.  bd. 

*  ThU  axcelleBt  book.'— £/A-/rK-a/  Emrimtr. 

*  W«  rteommsnil  the  t>ook  atroasly  to  «U  •lecrtrlolUM.' 


SHMI 
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Whittaker'%  Library  of  Art*,  Sciences,  Jtc.  {Cmtinued) 


By  G.  E.  BoNNKY. 
THE     ELECTRO  -  PLATERS'     HANDBOOK.      A 

Practical    Manual  for  Amateurs  and    Young  Stuilcnts  in   Electro-Metal- 
lurgy.    With  Full  Index  and  6i  Illustrations.     3j. 

Contents  : — 1.  Electro-Deposition  of  Metal — II.  Electro-Deposition  by 
Current  from  Batteries— III.  Dynamo-Electric  Plating  Machines — IV.  Ueclro- 
Plalers'  Materials — V.  Preparing  the  Work — VI.  Electro- Plating  with  Silver 
—  VII.  Gold  — VIII.  Nickel  — IX.  Copper— X  AUoys  —  XI.  Zinc.  Tin. 
Iron.  &C. 

'  An  amatefir  could  not  wlah  for  a  better  tzpodtlon  of  the  element* 

of  tba  rahject The  work  hu  an  ucellent  indu  and  6i   iUuslratiou,  and 

wilt  form  a  uscfiil   addition  to   Moan.  Whittaker'i    valoable   scries   of  pnctical 

maouall.'— f/zc-rrrV-o/  /ttvinv, 

*  Tbt  work  is  of  evident  utility,  and  hai  before  it  a  future.* — Ckfmicmi  Srwt. 

*  It  coniains  a  larce  amount  of  sotxod  information.* — Natmt, 
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I 

J 


Footpower  Scratch  Brtisb  L«tbe  (Sftnmtn  of  /lluttraHon). 
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^ecbnolootcal  Ibanbbooks. 


'The  excellent  series  of  technical  handbooks.*— r<^/i'/r  Mamt^mctutfw, 
'The  admiral  series  of  technological  handbooks.' — BrittMh  JaunnU ^ C^mkm 
*  Thu  excellent  tccluiical  series.' — ifttmckdster  GtarJian. 

Edited  by  SIR  H.  TRUEMAN  WOOD. 


iafl^^ 


I 


A  Series  of  Technical  Manuals  for  the  use  of  Workmen  and 
others  practically  interested  in  the  Industrial  Arts,  and  especially 
adapted  for  Candidates  in  the  Examinations  of  the  City  Guiltb 
Institute. 

Illustrated  and  uni/orfnly  printed  in  small  post  Zt^. 

DYEING  AND  TISSUE-PRINTING.     By  Will 

Crookes,  F.R.S.,  V.P.C.S.     5^. 

*  Whether  viewed  in  connexion  with  the  examination  room  or  the  <Sy»'tio— •>  tin 
volume  is  one  which  deMrvct  a  word  of  welcome.'— Wr.u^mr. 

*  I'he  only  prenous  qualificatioa  of  which  the  sLuiJenl  is  aasained  to  be  ro«4c«s«4  k 
an  elementary  knowledge  of  chrmi&try  such  as  may  be  acquired  from  altf  -  ••>^ 
ludimciiiary  treatises  on  that  science.  The  author,  butldins  u}>on  thii  f<.<i  »* 
to  explain  tne  principles  of  the  art  from  a  practical  rather  than  froroa  thc<>  .  J 
view.  From  ine  very  outset  he  cadeavoux*  to  explain  everything  with  whicli  ihc  Icuner 
might  be  puxxlctL' — CkermLai  I^'rua. 

GLASS    MANUFACTURE.     Introductory  Essay  by 

H.  J.  Powell,  B.A.  (Whitcfriars  Glass  Works);  Crown  and  Shixt 
Glass,  by  Henry  Chanxe,  M.A.  (Chance  Bros.,  BirmiDgham) ;  Plati 
Glass,  by  H.  G.  Harris,  Assoc.  Memb.  Inst.  C.E.     Jj.  6* 

COTTON  SPINNING:  Its  Development.  Principles, 

and  Ffactice.     With  an  Appendix  on  Steam  Engines  ami  Boilers.      Hy  H. 
Marsoen,  Editor  of  the  'Textile  Manufacturer,'  and  Examinet  fo(  I 
City  and  Guilds  of  London  Institute.     Fourth  Edition.     6f.  6i/. 

Contents;  —  Introductory  —  Cotton  — The  Mill—  ^' 
Material — Carding  and  Combing — Drawing,  Stubbmg,  an  ! 
ment  of  Spinning — The  Modem  System  of  Spinning — I  tic   .-.lo.mrD 
Throstle  and  Rmg  Spinning  :  Doubling — Miscellanea— .'\ppendix. 

*  An  admirable  work  on  the  sabject.* — ytjtnchtsU''  Ex*miit4r  smJ  Ttm^s, 

*  Pnurtical  ipinnen,  of  whom  Mr.  Manden  il  cvitl«ntly  one,  will  vmhxtltt*  1 
a  tuuidbook,  and  learTter>  will  6nd  the  fullest  infurnuliun  fivcD  with  thccraatail 
z\tAnkf^.'—MaH<:ktsrrr  Cimricr. 

COTTON    WEAVING.     By  R.  Marsden.    Examiner 
to  the  City  and  Guilds  of  London  Institute,  Author  of  '  Co(t  >n  S|MmiaC'* 


With  numerous  Ulusltations. 
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coal-tar   colours,   The  Chemistry  of.     With 

special  rcfcrrnce  to  their  application  to  Dyeing,  &c.  By  Dr.  R.  Bbnedikt, 
Trofcswr  of  Chemistry  in  the  University  of  Vienna.  Translated  from  the 
German  by  E.  Knrcht,  I'h.D.,  Head  Master  of  the  Oiemislry  and  Dye- 
ing Department  in  the  Technical  CoUege,  Bradford.  2nd  Edition,  Revised 
and  Enlarged,     ts.  6J. 


oriffinal  work  \*  popalar  in  Germanyj  and  the  traiiftlatioD  ouebt  to  be  e<iDall7 

ed  netr,  not  ooly  by  siiideni«  of  organic  chcmi&try,  but  byaliwhoarcpracttcmlly 
J  in  the  dyeing  and  phniinfi  of  textile  fabrics.'— AAr  AthrHtmrn. 


'The 
apprccfbt 

concerned 

*  Tbe  volume  foniains,  in  a  little  space,  a  vast  amouni  of  oiost  lueful  informaiion 
claJttified  in  such  a  manner  as  to  show  clearly  and  disiinctly  the  chief  characteri»iic«  of 
each  cvlouring  matter,  and  the  relationship  existing  between  one  terics  orcunipound&and 
another.* — /eurnai  ef  tfu  Sacif/j  of  Dyers  auii  Caiourtsta. 

"WOOLLEN  AND  WORSTED  CLOTH  MANU- 
FACTURE. By  Professor  RonKRTS  Bkaumont,  Textile  Industries 
Department  of  the  Yorkshire  College,  Leeds.  Second  Edition,  Revised, 
7J.W. 

CONTRKTS  : — Materials — Woollen  Thread  Manafecture — Worsted  Thread 
Conslruclion — Yams  and  Fancy  Twist   Threads — Loom-Mounting,  or  I're- 

rar^tion  of  the  Yarns  for  the  Loom — The  Principles  of  Cloth  Construction — 
undamcntal  Weaves— Hand  l^ooms — Power  Looirs— Weave  Combinations 
— Drafting — Pattern  Design— Colour  applied  to  Twilled  and  Fancy  Weaves — 
Backed  and  Double  Cloths  —  Analysis  of  Cloths  and  Calculations —  Cloth 
Finishing. 

'The  book  ii  a  audaciary  >n<l  intinictive  addition  to  the  Uaaeiin  B<U't  eicellent 
technical  scries.' — Mafukettrr  GmariiimK. 

'  It  should  bt  nudied  and  inlrardly  digested  by  every  nudeni  of  the  lenlile  arts.' 

TrxtiU  RftenltT. 

PRINTING.     A    Practical    Treatise    on    the   Art   of 

Typography  as  applied  more  particularly  to  the  Printing  of  Books.  By 
C.T.  Jacobi,  Manager  of  the  Chiswick  Press  ;  Examiner  in  Typography 
to  the  Ciiyand  Guilds  of  London  Institute.  With  upwards  of  1 50  Ulustra- 
lions,  many  useful  Tables,  and  Glossaiial  Index  of  Technical  Terms  and 
Phrases,     5/. 

•The  work  of  a  man  who  understands  the  lubjecl  or  which  he  is  writing,  and  is  able 
to  ei|>rcs>  hii  nie;uiiiig  clearly.  Mr.  Jacobi  may  futlher  be  compUmented  on  having 
supplied  au  excellent  index.'— >4/A^««-Htw. 

'  A  practical  treatise  of  more  than  commoa  value.  .  .  .  This  is  a  ihoroagh,  concise, 
aod  tDlcUieible  book,  written  with  obvious  outstery  of  all  dcuils  of  the  subject.' 

rttt  S^t4f*tr. 

*  It  deals  with  the  subject  in  an  exhaustive  and  succinct  manner.  • ,.  •  •  We  wish  it 
alt  the  success  it  deserves  in  iu  efforts  oo  behalf  of  tecluioloeical  eilucxtion.* 

Printing  Timts  and  LUkficra^tr. 

BOOKBINDING.  A  Practical  Treatise  on  the  Art, 
By  J.  W.  Zaehnsdorp.  With  8  coloured  Plates  and  Duroerous  Diagrams. 
Second  Edition,  Revised.     5^. 

ave  been  found.  ...  An  excellent 


I 


'No  more  competent  writer  upon  hit  art  ooald  I 
caBplc  of  a  technical  text-book.* — Jtuttutritg. 


¥ 


WOOD-CARVING.      With   numerous   Illustrations. 
Beoond  Edition,  revised.    Fcap.  410.  ss. 

'An  excellent  manual.* — Afominc  Pott.  *  An  admimble  Utile  book.' — Buitdtr, 

*  Sudi  patient,  explicit,  fttep-by-step  teaching  as  Mr.  Lelaod's  u  inileed  the  only 
road  to  ucellcnce.'— 5«/Nr<^a/  Rtvirw, 

'A  very  aseftil  book.'— Mr.  W.  H.  Howaud,  Secretary  to  the  Institute  of 
firilcdl  Wood  Carvers,  and  Instructor  at    Kind's  Collejie,   London. 

'A  iplondid  help  for  Ajnatenra  and  Uioa«  benlnning  the  trade. 
VflUioat  exception  It  la  the  beet  book  I  have  read  at  preaent.'— Mr.  T.  J. 
PBaaiN,  Soaety  of  Arts  Medallist,  Instructor  in  Wood-carvioK  at  the  People's  Palace. 

'I  oonalder  It  the  boat  manaal  I  have  aeen.'— Mist  Hodcsoh,  Instructor 
in  Wood-carviog  at  Manchester  Technical  School 


Initial  Letter  (Spuimn  tf  fUuttratiem). 
A  Companion  Volume  to  'Wood-Carving.' 

LEATHER -WORK.  Stamped,  Moulded,  and  Cut. 
Cuir-Bouilli,  Sewn,  &c.  A  Practical  Manual  for  Leameis,  With  nu- 
inerotis  llluslrations.     Jr. 

■  A  dellghtftU  addition  to  the  series  of  practical  manuals.'— ri'ifKi. 


HAMMERED 

Author, 


METAL  -WORK. 


By    the    same 

[/«  Iht  press. 


LCTICAL  EDUCATION.     A  Work  on  Preparing 

he    Memory,    Developing   Quickness   of  Perception,    and   Training   the 
'-"uctive  Faculties.     Third  Edition.    Crown  8vo.  doth,  6r. 
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'THE    ENGUSH    SLOYD/ 
MANUAL    INSTRUCTION  — WOODWORK. 


S.  BARTCR. 


By 


C»y 


of  Maoail  Tnioing  ao  Woodwotk 
lastnaclOT  to  tlw  Jotal 
of  the  School  Btaid  bt 


■  W. 
«r  Loaioa  Teckoic*!  Tititatr.  i 


Wiika  Pwhce 

1  Fbo(A-t 


Rtcsx, 
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fl>ct>ical  Morfid. 


A   NEW   WORK    FOR    MEDICAL    STUDENTS   AND 
PRACTITIONERS. 

DISSECTIONS  ILLUSTRATED:  A  Graphic  Hand- 
book for  Students  of  Human  Anatomy.  ByC.  Gordon  Brodie,  F.R.C.S., 
Senior  Demonstrator  of  Anntomy,  Middlesex  Hospital  Medical  School  ; 
Assistant  Surgeon,  North-West  Ixindon  Ho<^pital.  With  Plates  Drawn 
and  Lithographed  by  PERCY  HiGHLEV.     In  Four  Parts. 

Part  I. — The  Upper  Limb.    With  Seventeen  Coloured  Plates— Two- 
thirds  natural  size — and  Ten  Diagrams.     Imperial  8vo.  sewed  in  wrapper, 

CONTENTS. 


PtATR  I.-TI15  Axilla. 

PUATB  11.- The  Aiilla,  Dero  View. 

PLJtTB  III.— The  Urachial  Plexui  ud  Ax- 

ilUiy  Artery. 
Flath  IV.-The  SupCTficW  Suuctures  at 

Ihc  Bold  of  the  Elbow. 
PtATK  v.— The  Inner  View  of  the  Arm  and 

Bmchial  Artery. 
P1.ATK  VI.— The  Front  of  Forearm  (First 

Vi«w). 
Plat*  VII.— The  FraatofFareum  (Second 

PtATS  VIII.— Tha  Front  of  Forearm  (Third 
VfcwX 

Part  II.— The  Lower  Limb. 
thirds  natural  size,  and  Diagrams. 
Part  III.     Part  IV. 


PuiTl  nC-Th*  Palmar  Fwcia. 
Plate  X.— The  Sujpcrfici:\l  Palmar  Arch,  &c. 
PtATK  XI.— The  Deep  Palmar  Arch,  &c. 
Plati  XII.-The  liack  of  ihc  Shoulder. 
Platb  XIII,— The  Circumflex  Nerve  and 

Scapular  Quadrilateral. 
Plate  XIV.— The   Back  of  the  Ann  and 

Mu&culo-spirat  Nerve. 
Plate  XV.— Ihe  Superficial  View  of  the 

Back  of  the  Forearm. 
Plat.  XVI.— ITie  Deep  View  of  the  Back 

of  the  Forearm. 
Plate  XVII.— The  Donum  of  the  Hand. 


With  Twenty  Coloured  Plates,  two- 

[Immtdiatefy. 

[/«  preparation. 


A  Nnu  and  Rtvistd  (Twelfth)  Edition.     Post  iva.  ICM.  W, 

HOBLYN'S     DICTIONARY    OP    TERMS     USED 

IN  MEDICINE  AND  THE  COLLATERAL  .SCIENCES.  Re- 
vised and  Enlarged  by  J.  A.  P.  Price,  B.A.,  M.D.  Oxon.,  Assistant- 
Surgeon  to  the  Ko)-al  Berkshire  Hospital ;  late  Physician  to  the  Royal 
Hospital  for  Children  and  Women. 

'ThiB  wrell-knowrn  wrork.* — Lamcet. 

'A«  a  handy  reference  volume  for  the  physician,  lurfcoo,  and  pharmacist,  it  will 
prove  invaluable,'— /*A«muic«M/fc«y/f>«r)ibf^ 

'  From  considerable  experience  of  Hoblyn's  Dictionary,  we  are  able  to  say  that  it 
hoi  the  rare  merit  of  supplying  in  almost  every  case  what  you  have  a  right  to  expect 
U)  consulting  it.' — Gtiuffw  MtdicAlJeurnmU 
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The  object  of  the  projectors  of  this  *  Library '  is  to 
provide  a  scries  of  easy  introductions  to  the  Physical 
Sciences,  suitable  for  general  use.  Each  Volume  will  be 
well  illustrated,  and  will  embody  the  results  of  recent 
scientific  investigations. 

By  S.  BoTTOKK.    With. 

\Jusl  ptiiliik 

With   95   Illo 


I 


ELECTRICITY  and  MAGNETISM. 

103  Illustratioiu. 
GEOLOGY.     By  A.  J.  Jukes-Browne,  F.G.S. 

uations.  \Jusi  puklii, 

PICTORIAL  ASTRONOMY.    By  G.  F.  Chambers,  F.R.A.I 

Wilh  134  Illuslralions.     4/. 

*  One  of  the  mo6t  interesdne   popolar   crcatis«i  thai  ««  have  had  in  oar 
tuflils  for  »  lone  time* — D*ify  CmrvituU. 

*  An  ek^mnuy  printed  and  profiuely  iUiutr»tcll  work,  which  is  w<onhy  ef 
aathor'i  repuiatioo.'~v4iVii«iMK. 

LIGHT.     By  Sir  H.  Trukman  Wood.    With  85  Illustratioi 

'  We  have  here  a  popular  and  inlerastioe  r/iMM/  of  many  of  the  tkctt 
iag  to  the  nature  ajid  propcnics  oDileht.' — Naltirt. 

THE  PLANT  WORLD;   Its  Past,   Present,   and   Future.     Bj 
G.  Masses.     With  56  Illustrations.    31.  fui, 

*  lu  easy  ityle,  inteUifible  language,  ,good  ftirvngcBicat,  and  nuky  illi 
tioQk,  give  It  a  nigh  nuik  un>»ig  boolu  of  \xs  kind.' — St^tstm 

MINERALOGY  :  The  Characters  of  Minerals,  tlieir  Classificat 

and  Description.     By  F.  H    "  "    th  115  inustralion&.     y 

'  Dr.  Hatch  has  adni  anil'devncu  in  hit  trcau 

the  cry<ituIWr4r>h)cal  aiu;  ,  >  of  mineral*.' — ttAtu^t. 

•Wc  cordiirty  rfxromniea.J  \\\\s  luiJe   l^ok  of  Dr.  lUicb'saJ  one  o(  the  ] 
that  siudeois  could  purchase'— ^\7>Nrtf  G^nif. 

CHEMISTRY.     By  T.  Bolas,  F.C.S.,  F.LC  [Jntfufr 

ANIMAL  PHYSIOLOGY.   By  W.  Snodgrass,M.D.  [Prr^nng. 

Lootloo  :  WHITTAKER  &  CO..  a  White  Hmi  Stteel,  ViA*notit*  Sqieuc 


